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ABSTRACT 

' Emissions from gas- and oil-fueled gas turbines and reciprocating engines 

The assessment method involved a c r i t i ca l  examination o f  existing 
for e lec t r ic i ty  generation and i n d u s t r i a ?  applications a r e  assessed i n  this 
report, 
emissions di3ta, followed by the conduct o f  a measurement program t o  f i l l  da t a  
gaps based on a phased sampling and  analysis strategy. 

In t:he f irst  phase o f  the measurement program, one gas-fueled gas turbine, 

/ 

f ive  dist:il"late-oil fueled gas turbines, and f ive diesel engines were selected 
f o r  tes t ing.  
tional tests t o  determine SO3 and organic emissions from diesel engines which 
were subsequently conducted a t  three o f  the diesel 'engine s i t e s  previously 
tested. 

Evaluation of t e s t  resul ts  led t o  -*the recommendation fo r  addi-  
-\ 

- 

The resul ts  o f  the emissions assessment indicate t h a t  internal combustion 
sources contribute s ignif icant ly  t o  the national emissions burden. NOx, 
hydrocarbon and CC emissions from internal combustion sources account f o r  
approximately 20 percent, 9 percent, and 1 percent o f  the emissions of these 
pol 1 u t an t s  from a17 stationary sources. The source severity factor ,  defined 
as the r a t i o  of the calculated maximum ground level concentration of the 
p o l l u t a n t  species t o  the level a t  which a potential environmental hazard 
exists, was used t o  identify pollutants o f  environmental concern. 
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1. SUMPARY AND CONCLUSIONS 

Emiss'ions from gas- and oil-fueled gas t u r b i n e s  and reciprocating engines 

The assessment method involved a c r i t i ca l  examination o f  existing 
for el ectri ci ty  generati on and i ndustri a1 appl i cati  ons are assessed i n  t h f  s 
report. 
emissionis data, followed by the conduct o f  a measurement program t o  f i l l  data 
gaps based on phased sampling and analysis strategy. 

The\pkased approach t o  environmental assessments i s  designed t o  provide 
comprehensive emissions information on a l l  process waste streams in a cost 
effective manner. 
levels are be ing  employed i n  th is  program. 
( 2  a factor. o f  3 )  techniques o f  sample c d l e c t i o n  and laboratory and f ie ld  
analyses t o :  
tants n o t  adequately characterized; identify potential problem areas ; and 
prioriti;ze waste streams and pollutants i n  those streams for further,  more 
quantitative testing. Using  the information from Level I ,  available resources 
can be d-i rected toward Level I1 tes t ing whi ch i nvol ves speci f i  c quanti t a t i  ve 
analysis o f  components o f  those streams which do contain significant pollutant 
loadings., The d a t d  deve1ope.d a t  Level I1 is used t o  identify control techno- 
logy needs and t o  further define the environmental hazard associated witn each 
process stream. A t h i r d  phase, Level 111, which is outside the scope of this 
program, employs continuous o r  periodic monitoring o f  specific pollutants 
i d e n t i f i e d  a t  Level I1 so t ha t  the emission rates o f  these c r i t i ca l  components 
can be determined exactly as a f u n c t i o n  o f  time and operating conditions. 

To achieve t h i s  goal, two d i s t inc t  sampling and analysis 
Level I u t i l i zes  semiquantitative 

provide preliminary emissions da ta  f o r  waste streams and pollu- 

1 .I INTERNAL COMBUSTION SOURCE DESCRIPTION 

Stationary internal combustion sources f o r  e lec t r ic i ty  generation and 
gas t u r b i  nes and i n d u s  tri a1 appl i cations a re  grouped i n t o  two categori es : 

reciprocating engines. - Gas t u r b i n e s  may be c lass i f ied i n t o  three general 
types : simp1 e open cycl e regenerative open cycle, and combined cycle. 



Regenerat ive type gas  t u r b i n e s  c o n s t i t u t e  on ly  a ve ry  small f r a c t i o n  o f  the 
t o t a l  gas  tu rb ine  popu la t ion .  Emissions from i d e n t i c a l  gas  t u r b i n e s  used i n  
the combined cyc le  and i n  t h e  s i m p l e  c y c l e  are t h e  same. Therefore ,  on ly  
emissions from s imple  cycles need t o  be eva lua ted .  

Reciprocii t ing i n t e r n a l  combustion engines  may be ciassified i n t o  spark  
and compression i g n i t i o n  ( d i e s e l  ) engines .  All d i s t i l l a t e  o i l  r e c i p r o c a t i n g  
engines  are  compression i g n i t e d  , and a1 1 gasol  i ne reci p r o c a t i  ng engines  are 
spa rk  ign i ted . ,  
el ectri c i  t y  gene ra t i  on and  i n d u s t r i  a1 appl i cat i  on because of t h e i  r poor par t  
l oad  economy amd c o s t  o f  f u e l .  Gas r e c i p r o c a t i n g  eng ines ,  w i th  t h e  except ion 
of the dual-fuel  type, a r e  s p a r k  i g n i t e d ,  Gas can o n l y  be used i n  a compres- 
s i o n  i g n i t i o n  engine if a small amount o f  diese? fuel i s  iajected i n t o  the  
compressed a i r / g a s  m i x t u r e  t o  i n i t i a t e  combustion. 

Spa rk  i g n i t i o n  g a s o l i n e  engines  have ve ry  l imi t ed  use f o r  

The p r i  nci pal appl i c a t i o n  a r e a s  f o r  gas  t u r b i n e s  and reci p r o c a t i  ng 
engines  a r e :  e lec t r ic i ty  g e n e r a t i o n ,  o i l  and gas  t r a n s q i s s i o n ,  natural gas 
process ing ,  o i l  and gas  p roduc t ion  and e x p l o r a t i o n ,  
t o t a l  1978 i n s t a l l e d  c a p a c i t y  is 50,800 MW for electricity gene ra t ion  and 
9,400 MW f o r  indus t r ia l  a p p l i c a t i o n s .  
1978 i n s t a l l e d  c a p a c i t y  is 5,300 MW f o r  e lectr ic i ty  g e n e r a t i o n  and 19,500 MW 
fo r  i n d u s t r i a l  a p p l i c a t i o n s .  

For gas  t u r b i n e s ,  the 

For r e c i p r o c a t i n g  eng ines ,  the t o t a l  

The curreint average  size o f  e lec t r ic i ty  g e n e r a t i o n  gas t u r b i n e s  is 
approximately 31 MW. 
el ectri  c i t y  genera t ion  gas  t u r b i n e s  was approximately 5 years, 
turbines were es t imated  t o  have an ave rage  s i t e  of  2.2 M W .  

eng ines ,  t h e  average size u n i t  f o r  e lec t r ic i ty  g e n e r a t i o n  is 1 .9  MW (2,500 
HP), and the average  size u n i t  f o r  o i l  and gas  t r ansmiss ion  is 1 .5  MW (2,000 
HP), Average age f o r  r e c i p r o c a t i n g  engines  is approximate ly  10 years. 

As o f  December 31, 1976, the c a p a c i t y  average  age f o r -  
I n d u s t r i  a1 gas 

For r e c i p r o c a t i n g  

Air p o l l u t i o n  c o n t r o l  equipment is g e n e r a l l y  n o t  i n s t a l l e d  on gas turbines 
However, t h e r e  is i n c r e a s i n g  recogni  t i o n  t h a t  or r e c i p r o c a t i n g  engines  . 

wate r  and steam i n j e c t i o n  are v a l i d  t echn iques  for  c o n t r o l l i n g  NO, emissions 
from gas turbines .  In a d d i t i o n ,  t o  reduce v i s i b l e  smoke emiss ions  from 0% 

fueled gas t u r b l i n e s ,  fuel a d d i t i v e s  such as  s o l u b l e  compounds o f  barium, 
manganese and i r o n -  a r e  o f t e n  employed, 
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1.2 THE EXISTING EMISSIONS DATA BASE 

Air emissions from the f l u e  gas stacks are the only significant emissions 

A major task i n  t h i s  program has been the identification of  gaps and 
from e7lect:ricity generation and industrial gas turbines and reciprocating 
engines. 
inadequacies i n  the e x i s t i n g  data base for  these 'flue gas emissions. 
as t o  the adequacy o f  the data base were made u s i n g  c r i t e r i a  developed by 
considering bo th  the r e l i a b i l i t y  and  var iabi l i ty  of  the data. 
ronmental risks associated w i t h  the emission o f  each pollutant were also 
considered i n  the determination o f  the need for ,  and extent o f ,  the phased 
sampl i n g  and analysis program. 

Decisions 

Estimated envi- 

The evaluation o f  emissions data has indicated tha t  the existing emissions 
d a t a  base is adequate f o r  gas-fueled turbines and reciprocating engines. 
distillaLte oil-fueled gas turbines, the existing data base f o r  NOx, total 
hydrocarbons, CO,  par t iculate ,  SO2 and SO3 emissions is adequate. 
the existing data base f o r  t race  elements and specific organic emissions was 

For 

However, 

inadequate, 
f o r  NO,, t o t a l  hydrocarbons, C O ,  and SO2 emissions is adequate. 
d a t a  base Cor particulates,  503, trace elements and specif ic  organic emissions 
was found t o  be inadequate, 

For d i s t i l l a t e  o i l  reciprocating engines, the existing data base 
The existing 

1.3 THE SOURCE MEASUREMENT PROGRAM 

Because o f  the deficiencies i n  the existing emissions data base,.!leven 
internal L-thn-sj-tEs were selected for testing t o  provide a better . 

characterization o f  the emissions associated w i t h  these sources. The s i tes  
tested included one gas-fueled gas turbine, five d i s t i l l a t e  oil-fuel ed gas 

turbines, and f ive  d i s t i l l a t e  o i l  reciprocating enqines (diesel ensines) . P. 
gas-fueled gas turbine s i t e  was included t o  assure tha t  previously unidentified 
pollutants a re  n o t  being emitted i n  environmentally unacceptable quantities. 
Specific s i t e s  were chosen based on the representativeness o f  the s i tes  as 

--- ~ _c_L 

measured against the important character is t ics  o f  systems w i t h i n  each source 
category,, including engine model , rated capacity, age and p o l l u t i o n  control  
method. 
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Test resu'lts from the first phase were evaluated t o  determine the need 
for and type o f  additional sampling and analysis, These evaluations led t o  
the recornendation o f  additional tests t o  determine SO3 and organic emissions 
from e l ec t r i c i ty  generation d i s t i l l a t e  o i l  reciprocating engines. Level I1 
t e s t s  were subsequently conducted a t  three of the diesel' engine s i t e s  previous- 
l y  tested, 

1.3.1 Level I Field Testinq 

- The Source Assessment Sampl i ng System (SASS) t r a i n ,  devel oped under 
-'h contract t o  EBA, was used t o  col lect  both  vaporous and particulate emissions 

i n  quantities s z f i c i e n t  f o r  the wide range o f  analyses needed t o  adequately 
characterize emissions from internal combustion sources. 
t r a i n  consists o f  a conventional heated probe, three cyclones and a f i l t e r  i n  

-_ -____c_-- 

----- ---I- - --- __- -- 

Briefly, the SASS - 
_ -  .I-_- -__--- - I 

I a heated oven which c o l l e c l f 4 u r _ g a m u l t e  s i ze  f r a c t i w ,  a . .  . 
--- 

-- 
i norgani cs , and impi ngers to col1 ect  the remaining -gaseous inorgani cs and trace 
elements. - -...,-.-- The t r a i n  is run u n t i l  a t  least 30 m o f  gas has been collected. 

I 

-- I_- 
- -- __. ? 3  - -  -------_I - -_ - - - - - _ _ _  

- 
T h i s  c r i te r ion  was established i n  conjunction w i % h  analytical technique sen- 
s i t i v i t i e s ,  to ensure t h a t  any emission which would increase the ambient 
loading by more than 1 pg/m w i l l  be detected. The cyclones were deleted as 
parti  cul a te  1 caacii ngs were too low t o  provide weighable quanti t i e s  o f  sampl es 
i n  each cyclone. 

3 

In a d d i t i o n  t o  using the SASS t r a in  f o r  stack gas sampling, other equip- - 

ment was employed "to co l l ec t  those components not analyzable from the t r a i n  
samples. 
f i e ld  t o  analyze CqI-C5 hydrocarbons collected i n  gas sampling bags. 
nally,  these samples were analyzed f o r  CO, cos, O2 and SO2 by GC u s i n g  a thermal 
conductivity detector, 

A gas chromatograph ( G C )  w i t h  ionization detection was used i n  the _- --_ 
Addi t ion-  -- - 

1 . 3 . 2  Modified Level I Laboratory Analysis 

The basic Leve7 I sampling and analytical p l a n  f o r  particulate and gaseous 
emissions is  depicted i n  Figure 1, 
analyses performed and the deviations from the basic Level I procedure fallows. 

A brief description o f  inorganic and organic 
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Ino rgan ic  Ana lyses-- 

composition: (1) the p a r t i c u l a t e  f i l t e r ,  ( 2 )  t h e  XAD-2 s o r b e n t ,  and ( 3 )  a 

Organic  Analyses- 

Level I o r g a n i c  a n a l y s i s  p rov ides  d a t a  on v o l a t i l e  (C,-C16) and nonvo la t i l e  
o r g a n i c  compounds (> C16) t o  supplement  d a t a  f o r  gaseous o r g a n i c s  (Cl-C6) 
measured i n  t h e  f i e l d .  Organics  i n  the XAD-2 module conden.- -_ . - 
resin were recovered by methylene c h l o r i d e  - extractioa _-- -.-n ---- ._-- *_-. --- - 
i n c l u d i n g  the tub ing  were carefully c l eaned  w i t h  methylene c h l o r i d e  o r  _ _  _. __- I_---- 

- -- 
methylene chloridas/methanol sol v e n t  - t o  -. r_ecover-al.l. o r g a n i c s  _ _  col l  ..- -- e c t e d  i i 3 h e . -  
SASS t r a i n .  

----- 
Because a l l  samples a r e  too  d i l u t e  t o  d e t e c t  o rgan ic  compounds by t he  . ~ 

m a j o r i t y  of instr!@!e,ntal-..techniques employed the f i r s t  - step i n . . t h e  .analysis-- 
was t o  c o n c e n t r a t e  t he  sampl e . ._ f r a c t i o n s  -+.-. .-- - ,.:_ ~ . from a s  much a s  7 000 .m.l to.  .1.On$J.-i-n-a- 

o r g a n i c s  of in t le rns t  a r e  retai-ned--.-- Kuderna-Danish c o n c e n t r a t e s  were t h e n  
evaluated..by.- .g-~r 1-_. . chromatography .-...-I ~ .- _- -. (GCI-,infrared spec t romet ry  - (IR) .. I__ , l i q u i d  .-. 

chromatography (LC) 

- ___-____ _ _  . - -  ---- 

.~ ..L 1---. 

-;-Danish appara tus  i n  which rinse s o l v e n t  . i s  evaporated w h i l e  the __ - - .-.-. . .- --I_. - . . . . .. X__.__, .__ l  - -  --- -- -.- 
. -. _ -  - - __-- .--* -- . --- 
\ 

g r a v i m e t r i c  a n a l y s i s ,  and s e q u e n t i a l  gas  chromatography/ 
._--- ..--- 

* 
Kuderna-Danish i s  a g l a s s  a p p a r a t u s  f o r  evapora t ing  bulk amounts of 
s o l v e n t s  . 
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* 
mass spectrometry (GC&S)--. 
by the stack gisconcgntrations foundfo-r  to ta l  organics (volat i le  and non- 
*volatile). 
500 ug/m3, further analysis is not conducted. 
500 vg/'m , a class  fractfonation by l i q u i d  chromatography is c o n d i i t ' t  

The extent of the organic analysis is determined -_- -- - --- -- - c- - 
_1_4_ -- _.__ - --IC--------* 

--u. _c-- 

If the t o t a l  organics indicate a stack gas concentration below .~ I__ 

If the concentration is  above 
3 

- -  - _  --- - - -  _- - ---- 
-foflowetd by GC and IR analyses. --cx I 

-_Lx_ - - 

Thte organic analysis plan is compatible w i t h  the performance o f  additional 
Level I1 analyses a t  several p o i n t s .  For example, i n  the case o f  internal 
combustion sources , polycyclic organic matter (POM) emission information was 
desired and aliquots o f  concentrates from various por t ions  o f  the SASS t ra in  
were analyzed f o r  these species by GC/MS. 

I 
I 

~ 1.3.3 Level 11 Field Testing 

~ 

A t  each o f  the diesel engine s i t e s ,  the Goksoyr-Ross controlled condensa- 
t i o n  trairi was used f o r  the measurement o f  oxidjaed sulfur emissions. 
approach, SO3 is  separated from the gas stream by cool ing t h e  fSue gas below 
the dew paint for  SO3 (HzS04) b u t  above the dew p o i n t  o f  water. Particulate 
mattes (including metal l ic  su l fa tes )  is removed by means of a heated quartz 
glass f i l t e r  i n  a f i l t e r  holder k e p t  above 260°C. 
(H2S04) callection i s  maintained a t  60°C by a water circulation bath. 
is removed i n  impingers f i l l e d  w i t h  H202. 

In this 

A condensation coil for  SO3 
The SO2 

Organic samples were acquired u s i n g  the SASS t r a i n  w i t h o u t  cyclbnes. Other 
changes made included the addition o f  acetone i n  the organic sample recovery 
washes and the omission o f  isopropyl alcohol from the impinger recovery washes. 

7 -3 .4  .- Level I1 Laboratory Analysis 

Organic Analysis- 

The primary too l  used was gas chromatographylmass spectrometry (GC/MS) 
w i t h  capil lary column chromatography. A l l  samples were analyzed i n  th is  

-- 
* 

The major modification i n  the Leve'l I sampling and analysis procedure was 
the GC/MS analysis f o r  POM's, 
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capi l lary ccpl imn without addltional preparatfon other than the introduction 
o f  an internal standard. 

In conjunctr’on w i t h  capil lary column analysis, several l i q u i d  chroma- 
tography (LC) fractions were analyzed by GC/MS us ing  both  electron impact (EI) 
and chemical ionization (CI) modes of ionization. The purpose o f  analyzing 
LC fractions w‘as t o  ident i fy  compounds present a t  low concentration levels i n  
specific compound classes. Once identification was made, t ha t  specific com- 
pound was searched f o r  i n  t h e  data obtained i n  the original sample. 
procedure was used t o  f a c i l i t a t e  identification of  species a t  low concentration 
levels i n  rather concentrated samples. When no evidence o f  the compound was 
found i n  the original sample, i t  was assumed t o  be a contaminant introduced 
as part  o f  the t 6  procedure. 
sample, on the other hand, were quantlfied and reported. 

Analysis f o r  Su l fu r  Species- 

T h i s  

Compounds confined t o  be present i n  the o r i g i n a l  

Su l fu r  sptscies collected i n  the Goksoyr-Ross controlled condensation 
t r a i n  were analyzed f o r  emissions o f  SO2, SO3 and particulate su l fa te  from 
dl’esel engines ., 
sat ion coil , wars determined by a bromophenol blue indicated acid-base t i t ra t ion .  
S u l f u r  dioxide, co17ected i n  the H202 impinger, reacted t o  form H2S04 and was 
subsequently determined by the  turbidimetric su l fa te  analysis .  
su l fa tes  co7lec:ted on the f i l t e r  and from the probe rinse were a l s o  deter- 
mined by the t u w b i d i m e t t i c  su l f a t e  analysis. 

1.3.5 Results 

Sulfur t r ioxide,  collected as H2S04 i n  the controlled conden- 

Particulate 

- 

The resu l t s  o f  t h e  f i e l d  measurement program along w i t h  supplementary 
values f o r  certain pollutants obtained from the e x i s t i n g  data base are summa- 
rized i n  Tables 1 and 2, 

Tables 1 and 2 also l ist  severity factors ,  defined as the r a t io  of the 
calculated maximum ground 7 eve1 concentrations of  the pol l u t a n t  species t o  the 
l eve l  a t  w h i c h  a p o t e n t i a l  environmental hazard exists. 
greater t h a n  0.05 is  indicat ive o f  a potential problem requiring fu r the r  
attention. As can be seen from Tables ? and 2, the major pollutant from 

A severity f a c t o r  of 
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i nternal csmbus ti on turbines and red p n c a t i  ng engi nes is nitrogen oxides. 
For reciprocating engl'nes * emfssions of total  hydrocarbons are also  signifi-  
cant, especially i n  the case o f  gas-fueled engfnes. Source severity factors 
f o r  SO2 missions from diesel engfnes, and for SO3 emissions ( i n  the form of 
sulfuric ac id  vapor and aerosols) +ran oil-fueled. gas turbines and recipm- 
cat1 ng engi nes a re  a 7 1 greater than 0.05, indt'cati ng t h e  environmental 
significance o f  emfssions o f  sulfur species. 

Trace element emissions from the gas-fueled gas turbine tested were i n -  
For o i  1 -fueled gas turbines and reciprocating engines , socii urn, s i g n i  f icant  * 

calcium, nickel ,  copper, i r o n ,  zinc and s i l icon were the trace elements 
emitted i n  the l a r g e s t  quantit ies.  
t o  be the only trace elements w i t h  severity factors greater than 0.05. 

Nickel, copper, and phosphorus were found 

Data f o r  polycyclic organic matter (POM) emissions obtained by GCjMS are 
POM's were n o t  detected i n  the emissions 

POM emissions from the f i v e  diesel engines tested were found 

not  reported i n  the summary tables,  
from the me gas-fueled gas t u r b i n e  and the f i v e  d i s t i l l a t e  oil-fueled gas 

turbines tested. 
t o  be mostly naphtha7enes and substituted naphthalenes. 
organfc spectes resulted i n  calcu'lated source severity f a c t o r s  which were a l l  
well below 0.05. 
pyrene and d i  benz (a ,h)anthracene, were not  found above the detect4 on 1 imi t of  
0.05 ug/m *, 

Emissions of these 

POM compounds known t o  be carcinogenic, such as benzo(a)- 

3 

7 . 4  CONCLUSIONS 

Several conclusions, as l i s t e d  below, can be drawn from the emissions 
assessment of e lec t r i c i ty  generation and industria? internal combustion 
sources : 

0 N O x  missions from stationary iqternal combustion sources are  a 
potential environmental problem. These emfssions account f o r  
approximately 20 percent o f  the total  NO, emissions from s t a t iona ry  
SOUI-C~S.  
more t h a n  80 percent are  contributed by the  i n d u s t r i a l  reciprocating 
gas engine category. 
fPom gas t u r b i n e s  and reciprocating engines range f r o m  0 . 7 7  t o  7.1.  

O f  the NOx emissions from internal combustion sources, 

Source severity f a c t o r s  f o r  NO, emissions 
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Emissioris o f  hydrocarbons from stationary internal combusti on sources 
contribute s ignif icant ly  t o  the national emissions burden. These 
emissioris account f o r  approximately 9 percent o f  the to ta l  hydro- 
carbon miss ions  from stationary sources. 
the hydrocarbon emissions from internal combustion sources are 
contri bulted by the industrial  reciprocating gas engine category. 
Source severi ty  factors f o r  hydrocarbon emissions range from 0 .OS 
f o r  industr.ia7 gas-fueled gas tu rb ines  t o  1.7 fo r  industrial recipro- 
cating gas engines. 

More than 80 percent of 

CO emissions from stationary internal combustion sources are not an 
environmental concern. 
internal cambustion sources a re  a l l  well below 0.05. To ta l  CO 
emissions from these sources account f o r  approximately 1 percent o f  
CO emiss.ions from a l l  stationary sources. More t h a n  80 percent of the 
CO emiss.iores from internal combustion sources are  contributed by the 
i ndustriitl reciprocating gas engine category. 

Source severity factors for CO emissions from 

EmissicPns; of SO2 and particulates from stationary internal combustion 
sources c:ontribute only an insignificant fraction o f  the emissions of 
these pollutants from stationary sources. Source severity factors 
f o r  SO2 and par t fculate  emissions are  well below 0.05, w i t h  the 
exception o f  SO2 emissions from diesel engines,. Source severity 
factors f o r  SO2 emissions from industrtal and e l ec t r i c i ty  generation 
diesel engines we  0.08 and 0.10, respectively. 

Combination of emissions data from this measurement program and the 
existing )data base provides adequate characterization of emissions 
of c r i t e r i a  pollutants from stationary internal combustion sources. 

SO3 emiss-ions from oil-fueled internal combustion sources require 
further a t tent ion,  
from 0.05 t o  0.23. 
average off 3.8 percent o f  the  sulfur present i n  the fuel is converted 
t o  SO3. 
sulfur is converted t o  SO3. The percent o f  fuel sulfur converted t o  
SO3 is lower for diesel engines because of the lower oxygen level i n  
reci procati ng engi nes . 

Source severity factors f o r  SO3 emissions range 
For distillate oil-fueled gas turbines, an 

For diesel engines, an average o f  1.4 percent o f  the fuel 

For d i s t i l l a t e  oil-fueled gas turbines, the data base f o r  SO3 
emissions is adequate. For d i s t i l l a t e  o i l  reciprocating engines, the 
data base fov SO3 emissions could be improved by additional f ie ld  
t e s t s  , 

Emissions {of t r ace  el ements from gas-fueled internal combustion 
sources are negligible when compared w i t h  emissions o f  trace elements 
from oil-fueled sources, For o i l - fue led  i n t e r n a l  combustion sources 
emissions of copper,  nickel and phosphorus have source severity 
factors greater than 0.05, 
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8 The data base f o r  trace element emissions from stationary diesel 
engines is adequate. 
elements for which the emissions data base is inadequate include 
nickel phosphorus and sil2con. The emissions data base for  these 
t race elements may be improved by analysis o f  additional fuel 
sampl es . 

For d i s t i l l a t e  oil-fueled gas turbines, trace 

Emfssions of individual organic species from stationary internal 
cornbustion sources are environmentally insignificant. Analyses of 
organic sampt es have indicated t h a t  organic emissions from oi7-fueled 
interna? combusti on sources consist mainly o f  saturated and unsatu- 
rated al iphat ic  and  aromatic hydrocarbons. 
species present a r e  saturated s t r a i g h t  chain and branched hydrocarbons. 
Substituted benzenes a r e  the second most abundant  organic species 
emitted. Source severity factors for  these organic emissions are 
well below 0.05, 

The most prevalent organic 

a K I M  emissions from internal combustion sources are not a t  levels o f  
environmental concern. 
turbines were a t  levels too low t o  be differentiated from blank  
values. 
thal enes and substituted naphtha1 enes, w i t h  source severity factors 
well below 0.05. 
blenzo (a)pyrene and d i  benz(a ,h)anthracene, were not found above the 
detection l imi t  o f  0.05 ug/m3. 

POM emissions from gas- and oil-fueled gas 

For diesel  engines, the POM's emitted were mostly naph- 

POM compounds known taabe carcinogenic, such as 
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2. INTRODUCTION 

Conventional stationary combustion systems are  major sources o f  pollutant 
emissions t o  a i r ,  water, and land. A preliminary assessment of the s i g n i f i -  
cance of stationary combustion systems as sources o f  p o l l u t i o n  has been made 
(Reference 1 ) landl i t  was estimated t h a t  these combusti on sources contribute 
a major portion of the to ta l  man-made emissions of n i t rogen  oxides, sulfur 
oxides, and pzrticulates. The preliminary assessment a l so  ident i f ied the 
general inadequacy o f  the emissions data base f o r  a number of potentially 
hazardous pol 1 utants , i ncl uding t race elements sulfur t r iox i  de and particu- 
l a t e  sulfate ,  and polycyclic organic matter (POM). 

The overal'l objective o f  the current program is t o  prrrvide a comprehen- 
sive assessment o f  a1 1 emissions f r o m  selected conventional stationary com- 
bustion systems. The assessment process is based on a c r i t i c a l  examination 
o f  existing data, followed by a phased sampling approach t o  resolve data gaps. 
In the first phase,, sampl ing  and analysis procedures are used t o  provide 
resul ts  accurate tal a fac tor  o f  3 so t h a t  preliminary assessments can be 
made and problem areas iden t i f i ed .  The methodology employed is  similar t o  
the Level I samp'l i n g  and analysis procedures developed under the direction 
of the Indus t r i  a'l Environmental Research Laboratory o f  the U. S- Envi ronmntal 
Protection Agency (Reference Z), t h e  major deviation being tha t  GC/MS analysis 

I 

I 
1 fo r  POM's is performed on t h e  samples collected i n  t h i s  program. 
I of results from the first phase w i l l  determine a l l  waste stream/polhtant 
~ combinations requiring a more detailed and accurate Level 11 sampling and 
~ analysis program. The characterization of combustion source emissions from 
I t h i s  program w i l l  allow EPA t o  determine the environmental acceptability Q f  

I Evaluation 

combustion waste streams and pollutants and the need f o r  control of environ- 
mental ly unaccept(ab1 e pol 1 utants. 

The combustion source types t o  be assessed i n  this program has been 
selected because o f  their relevance t o  emissions and because they a re  among 
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the hrgest, potentjaffy 'largest, or most numerous (in use) of existing com- 
bustion source types. 
study. 
p r i  nci pa7 ca tegori es : 

A total  o f  51 source types have been selected for  
Se'lected source types have been classified under the fo7 lowing 

1 1 Electricity generation - External combustion 
2)  Industrial - External combustion 

3)  Electricity generati on and industri a1 - Internal combusti on 

4)  Comnercia7finstitutiona7 - Space heating 

5) Residential - Space heating 

These f i ve  principal categories have been further divided i n t o  sub- 
categories based on fuel type. furnace design, and f i r i n g  method. 
categorization is needed because of the differences in the emission character- 
istics o f  combustion source types. 

The sub- 

This program report i s  the second fn a seri-is o f  f i v e  reports, and i s  
concerned with the emissions assessment of electricity generation and indus- 
rial internal conbustion sources, A total o f  eight combusion source types 
are considered*: 

1.3"22.0,0 Electricity Generation Internal Combustion Distillate O i l -  
Fueled Gas Turbine 

,/I .4.22.0.0 Electricity Generation Internal Combustion Disti7fate. 017 
Reciprocating Engine 

1.3.30,O.O Electricity Generation Internal Combustion Gas-Fueled Gas 

Turbine 

J 1.4.30.0.0 Electricity Generation Internal Cambustion Gas Reciprocating 
Engi ne 

2.3.22.0.0 Industrial Internal Combustion Disti 11 a t e  Oi 1 -Fuel ed Gas 

J2.4.22 .O.O Industrial In te rna l  Combustion Dis t i l 7  a t e  O i  1 Reciprocating 

Turbine 

Engine 

* The I.D. code refers to t h e  cilassificalian code used in Reference 1. 
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2.3.30.0.0 Industrial Internal Combustion Gas-Fueled Gas T u r b i n e  

J2.4.30.0.0 Industrial Internal Combustion Gas Reciprocating Engine 

The approach uti1 ized i n  the emissions assessment o f  e lec t r ic i ty  genera- 

First, available infor-  
t i o n  and i n d u s t r i a l  internal combustion sources is similar t o  that  utilized 
f o r  the assessment o f  other combustion source types. 
mati an concerning the process and popul a t i  on characteristics o f  internal 
combustion sources and t h e i r  emissions was assembled and assessed t o  determine 
the adequacy o f  the available data base. 
ducted a t  selelcted representative s i t e s  (one gas-fueled gas turbine, five 
d i s t i l l a t e  oil-fueled gas turbines, and five d i s t i l l a t e  o i l  reciprocating 
engines} t o  resolve problem areas a r i s i n g  from inadequacies i n  the existing 
d a t a  base. The  results were evaluated t o  determine the need fo r  and type o f  

additional sampling and analysis, and t o  identify the environmentally signi- 
f icant substances mi t ted from internal combustion sources a These evaluations 
led  t o  the recommendation o f  additional tes t s  t o  determine SO3 emissions and 
organic emissions from el ec t r i  c i t y  generati on d i  sti 11 a te  o i  1 reci procati ng 
engines. Three Level I1 t e s t s  f o r  this source category were subsequently 
conducted. 
emissions data  base has been adequately characterized. Lastly, emissions data  
obtained from t:he sampling and analysis program were combined w f t h  existing 
emissions d a t a  t o  provide estimates o f  current and future nationwide emissions 
of pol lutants from internal combustion sources. 

Sampling and analysis was then con- 

Results from these t e s t s  were evaluated t o  ensure t h a t  the 
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3, SOURCE DESCRIPTION ' 

S t a t i o n a r y  i n t e r n a l  combustion eng ines ,  i n  which t h e  produc t s  o f  
combustion o f  the fue7 compr ise  the working f l u i d ,  a r e  usually classified 
a c c o r d i n g  t o  the method of t r ans fo rma t ion  of the f l u i d  energy  i n t o  mechanical 
work o r  power, 
g e n e r a t i o n  and i n d u s t r i a l  appl  i c a t i o n  a r e  grouped i n t o  two types: gas 
t u r b i n d s  and r e c i p r o c a t i n g  engines .  To p r o v i d e  a better unders tanding  of t h e  
emission problems a s s o c i a t e d  w i t h  s t a t i o n a r y  i n t e r n a l  combustion eng ines ,  
brief d e s c r i p t i o n s  o f  the e n g i n e  types and v a r i a t i o n s ,  fuel c h a r a c t e r i s t i c s ,  
p r i n c i p a l  a p p l i c a t i o n s ,  i n s t a l l e d  c a p a c i t y ,  and f u t u r e  market t r e n d s  are 
provided.  Popu'Iation characteristics o f  u t i 1  i t y  and i n d u s t r i a l  gas t u r b i n e s  
and r e c i p r o c a t i n g  engjnes, i n c l u d i n g  ave rage  s i t e  and age and the preva lence  
of p o l l u t i o n  c o n t r o l  equipment,  were used t o  a i d  i n  the s e l e c t i o n  of repre-  
s e n t a t i v e  test facilities. 

On this basis, i n t e r n a l  combustion sources f o r  electricity 

3.1 PROCESS CHARACTERISTICS 

A basic gas t u r b i n e  consists o f  a compressor ,  a combustor and a t u r b i n e .  

Combustion p roduc t s  a r e  then 
High p r e s s u r e  a i r  is suppl ied .  by the compressor t o  the combustor. 
mixed w i t h  the a i r  i n  the combustor and burned. 
expanded through the t u r b i n e  t o  d r i v e  a r o t o r  and g e n e r a t e  power. A v a r i e t y  
o f  advance!d models have evolved from the s imple  gas  t u r b i n e ,  and a r e  c'lassi- 
fied i n t o  thlree g e n e r a ?  o p e r a t i n g  cycles: simple open cycle, r e g e n e r a t i v e  
open cycle and combined cycle. 
charged from the t u r b i n e  is exhaus ted  t o  the atmosphere. 
open cycle, the gas d i scha rged  from the t u r b i n e  is  passed through a h e a t  
exchanger  t o  preheat the combustion a i r .  
e f f i c i e n c y  o f  t h e  t u r b i n e ,  
t h e  t u r b f n e  is used as a u x i l i a r y  heat for  a steam cycle. 

Fuel i s  

In  the simple open cycle, the ho t  gas dis -  
In the r e g e n e r a t i v e  

P r e h e a t i n g  the a i r  i n c r e a s e s  t h e  
In t h e  combined cycle, t h e  gas discharged from 

The combined cycle 
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system offers a g r e a t  i n c r e a s e  i n  t h e  combined e f f i c i e n c y  of t h e  o v e r a l l  
system. 

Gas t u r b i n e s  use gas o r  l i q u i d s  such as d i s t i l l a t e  o i l  and kerosene as 
In open cycle g a s  t u r b i n e s ,  where the products  o f  combustion come i n  fuel . 

direct c o n t a c t  w i t h  t h e  t u r b i n e  blades, the fuel used must r e s u l t  i n  combus- 
t i o n  gases  t h a t  a r e  free o f  c o r r o s i v e  ash and l a r g e  p a r t i c u l a t e s  (>2 m) 
w h i c h  cause  e ros ion .  The metallic contaminants  i n  f u e l  t h a t  form r e l a t i v e l y  
low me1 t i  ng compounds d u r i n g  combustion must,  therefore, be el iminated 
because the r e s u l t i n g  compounds would s t ick  on the t u r b i n e  blades and corrode 
the p r o t e c t i v e  oxlde  c o a t i n g s .  f o r  these reasons ,  the ASTM Gas Turbine Fuels 
Committee has s e t  fuel impurity limits f o r  the f i v e  c r i t i ca l  t r a c e  elements: 
sodium, potassium, lead, vanadium and calcium. 

( 

Reci p roca t ing  i n t e r n a l  combust? on eng ines  may be el assi f i ed accord ing  
t o  the method o f  i g n i t i o n  i n t o  s p a r k  i g n i t i o n  and compression i g n i t i o n  engines.  
In spark  i g n i t i o n  eng ines ,  t h e  fuel is u s u a l l y  mixed w i t h  the a i r  a t  the 
i n t a k e  va lve  ( f o r  gaseous f u e l s )  o r  i n  a carburetor ( f o r  l i q u i d / f u e l s )  , 
a l though occasionally the f u e l  is i n j e c t e d  i n t o  the compressed a i r  i n  the 
cy l inde r .  
t a k e n  i n t o  the eng ine  on the i n t a k e  stroke and compressed t o  i g n i t i o n  condi- 
t i o n s .  Diesel fuel is t h e n  atomized directly i n t o  the combustion chamber a t  a 
c o n t r o l l e d  rate. I g n i t i o n  i s  spontaneous.  

I n  compression i g n i t i o n  eng ines ,  on t h e  o t h e r  hand, on ly  a i r  i s  

For r e c i p r o c a t i n g  i n t e r n a l  combustion e n g i n e s ,  t h e  spark i g n i t i o n  engines  
use gas o r  volat-i le 1 i q u i d s  such as g a s o l i n e  as f u e l  , whereas the compression 
i gni  t i  on engines  use 1 i q u i  d f ue? s of 1 ow vol a t i  7 i t y  such as 1 ow-grade kerosene 
and d i s t i l l a t e  o i l  (diesel fuel ). A I 1  dist i ' l la te  o i l  r e c i p r o c a t i n g  engines  
are compression i g n i t e d ,  and a l l  g a s o l i n e  r e c i p r o c a t i n g  engines  are spa rk  
i g n i t e d .  Spark i g n i t e d  gasol  i ne  eng ines  have ve ry  7 i m i  t ed  use f o r  el ectri c i ty  
gene ra t ion  and i n d u s t r i a l  a p p l i c a t i o n ,  because o f  the i r  poor part-load economy 
and demand f o r  prem-ium f u e l .  Gas r e c i p r o c a t i n g  engines  are mostly spark 
i g n i t e d ,  b u t  as tan a lso be used i n  a compression i g n i t i o n  engine  i f  a small 
amount of diesel fuel is i n j e c t e d  i n t o  t h e  compressed air/gas mixture  t o  
i n i t i a t e  combustion. 
f u e l  engines ,  and are normal ly  des igned  t o  burn any mixture r a t i o  of gas  and 

Such compression i g n i t i o n  eng ines  are known as dual- 
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diesel fuel. Most of the la rge  bore, high power engines for u t i l i t y  and 
industrial applications a re  four-stroke cycle compression ignition 4ngines 
designed t o  operate on diesel fuel o r  dual-fuel, and either two stroke cycle 
o r  fou~-stroke cycle spark ignited gas engines. 

3-2 INDU'STFIY PROFILE 

The prsincipal application areas and the major manufacturers f o r  u t i l i t y  
and industrial  gas turbines and reciprocating engines a re  presented i n  
Tables 3 and 4. 
generation is t h e  predominant user o f  gas tu rb ines .  For 1976, the Federal 
Power Commission (FPC) reported a generation capacity of 46,576 MW f o r  gas 
turbine plants owned by uti l i t ies (Reference 4). U t i l i z i n g  the 1976 FPC 
figure an(d the increase i n  capacity projected by the National Electric Reli- 
abi 1 i t y  Counci 7 (Reference 5) , the estimated 1978 generating capacity is 
50,800 MW f o r  gas turbine plants owned by utilities. 
capacity, approximately 82 percent a r e  o i l  -fueled combustion turbines, 7 per- 
cent a re  gas-fueled combustion tu rb ines ,  and 7 7  percent a re  combined cycle 
plants (Reference 5). 
Analysis, Inc, (EEA), has indicated t h a t  the to t a l  gas t u r b i n e  horsepower 
ins ta l led  through 1974 f o r  the o i l  and gas industry, less e l ec t r i c  power 
generation, amounted t o  approximately 6,831,000 HP o r  5,096 MW (Reference 6) .  
The to t a l  generating capacity f o r  the o i l  and gas industry i n  1974 was approxi- 

showed t h a t  from 1974 t o  1976, the gas t u r b i n e  capacity f o r  gas pipelines 
increased by a modest 2.86 percent (References 7 ,  8 and 9). Assuming the 
same percentage increase i n  gas t u r b i n e  capacity f o r  the o ther  t u r b i n e  appli- 
cations, the total  1978 gas tu rb ine  insta'lled horsepower fo r  the o i l  and gas 
industry is estimated t o  be 7,227,000 HP o r  5,392 MU, p l u s  an additional 
487 MW for e l e c t r i c i t y  generation. f o r  other industr ia l  applications, EEA 
data indicated a 1974 tota'l  o f  1,146,000 HP o r  855 MW f o r  industrial  d r ive  

On the basis  of  t o t a l  ins ta l led  horsepower, e l ec t r i c i ty  

O f  the instal led 

For industr ia l  applications, Energy and Environmental 

I 

I mately 46Cl MW. Analysis of the data publ ished by the O i l  and Gas Journal 

type gas t u r b i n e  appl icat ions and approximately 1,900 MW f o r  private industry 
el ec t r i  c i t y  generation (Reference 6). Using a 6 percent annual growth rate, 
the 1978 total would be  1,447,000 HP o r  1,079 MW f o r  industr ia l  drive type 
gas t u r b i n e  Zkpp'l icati ons and 2,400 MW f o r  pr ivate  industry el ectri c i t y  
generati on #. 
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TABL.E 3 .  PRINCIPAL APPLICATIONS AND MAJOR MANUFACTURERS 
OF UTILITY AND INDUSTRIAL GAS TURBINES (Reference 3 )  - 

Size Category Principal Appl i cations Major Manufacturers 

' < 1,000 HP Compressor and pump drive, 
standby el ec t r i  ci t y  
generati on 

Garrett AiResearch 

1 ,000-5 , 000 HI' O i l  and gas transmission, Solar Div is ion  o f  
natural gas processing, International Harvester, 
standby el ectr i  ci t y  
generati on , private Division o f  General 
indus t ry  el ectri c i ty  
generation, compressor 
and pump dr ive 

-Detroi t  Diese7 Allison 

Motors, Avco tycomi ng 

5,000-20,000 HP O i l  and gas transmission, General E l  ectri c, 
natural gas processing, 
standby el  ec t r i  c i ty  
generation, private 
i ndustry el ectri c i  t y  
generation 

Turbo Power and Marine 
Systems, Westinghouse 

> 20,000 HP 
{- 75 MU) 

Peak 1 oad el ectri ci t y  General Electric, 
generati on Turbo  Power and Marine 

Systems, Westinghouse 
~~ 

Combi ned cyc? e 
> 700 MW generati on Turbo Power and Marine 

Base 1 oad e lec t r i c i ty  General E l  ec t r i  c y  

Systems, Westinghouse 

, 
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TABLE 4. PRINCIPAL APPLICATIONS AND MAJOR MANUFACTURERS 
OF UTILITY AND INDUSTRIAL INTERNAL COMBUSTION 
RECIPROCATING ENGINES (Reference 6) 

Size Catlegory Principa’i Appl i ca t i  ons Major Manufacturers 

400-7,0013 HP O i l  and gas production Detroit Diesel Allison 
(Medi urn engi nes ) Division o f  General 

Motors , White Superior, 
Allis-Chalmers, Cater- 

and exploration, natural 
gas processing , compressor 
and pump drive, private 
industry e lec t r ic i ty  p i l l a r ,  Cumins, 
generation, standby Wau kes ha 
el  ec t r i  c i  ty  generati on 

> 1,000 tIP O i l  and gas transmission, Cooper-Bessemer , 
(Large engi ines) natural gas processing, Electromotive Division 

peak load and base load . of General Motors, 
el ec t r i  c i ty  generati on, 
nuclear standby power 

Ingersol 1-Rand, 
Whi te-Superior , A 1  co , 
Cot t , Enteppri se, 
Dresser-Cl ark 

Uti1ita”es w i l l  continue t o  dominate the gas turbine market i n  the future. 
The Natiolnal Electric Reliabil i ty Council (NERC) has surveyed i t s  members f o r  
major generating u n i t  add? t i o n s  scheduled for the 1978-1 985 period,  and pro- 
jected a 18.3 percent increase i n  oil-fueled combustion turbine capacity, a 
14.7 percent decrease i n  gas-fuel ed combusti on t u r b i  ne capacity , a 133.3  per- 
cent increase i n  oil-fueled combined cycle plant capacity, and a 25.8 percent 
decrease ‘in gas-fueled combined cycle plant capacity from 1978 t o  1985 (Refer- 
ence 5) .  These figures are used i n  the estimation of the projected 1985 
installed capacity for  u t i l i t y  gas ttlrbines, as presented i n  Table 5. For the 
o i l  and gas indus t ry ,  t h e  gas turbine power added per year f o r  transmission 
has decreased sharply over the l a s t .  few years. Extrapolating from the 2.86 
percent iricrlease i n  installed gas t u r b i n e  capacity from 1974 t o  1976, the 
increase i n  instal led gas turbine capacity from 1978 t o  1985 would be 17.0 per- 
cent, and t h e  to ta l  1985 gas t u r b i n e  capacity f o r  the o i l  and gas industry 
would be 5,950 MhJ p l u s  an additional 540 MW f o r  e lec t r ic i ty  generation, For 
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other industrial applications, the 1985 installed capacity is  estimated by 
assuming a 6 piercent annual growth rate, The 1978 and projected 1985 installed 
gas tu rb ine  capacity f o r  u t i l i t y  and industria7 applications are compared i n  
Table 5. As noted i n  Table 5, the total  projected 1985 installed capacity of .  
74,070 MW represents a modest 3.0 percent annual growth ra te  over the 1978 
insta’lled capacity o f  60,160 Mi. 
insta7 led capacity for the uti1 i t y  sector amounts t o  approximately 84 percent 
o f  the total  instal led capacity. 

In both 1978 and 1985, the gas t u rb ine  

On t h e  basis of instal led horsepower, the principal applications of 
reciprocating engines a re  o i l  and gas transport, o i l  and gas production, and 
el ec t r i  c i ty  generati on. For 1 976, FPC reported a generati on capacity o f  
5,298 MW for internal combustion reciprocating engine plants owned by 
u t i l i t i e s  (Reference 4) .  T h i s  installed capacity is expected t o  stay a t  
approximately the same level f o r  1978, The major use o f  u t i l i t y  reciprocating 
engi nes is  f o r  base 1 oad el ectrici t y  generati on by municipal power companies, 
often i n  areas \where demand does not justi.fy the construciion o f  large steam 
power plants. The majority of new reciprocating engine orders, however, is 
for nuclear standby power, where the h i g h  power diesel engines have domanated 
the market. 
reci procati ng i iiternal combusti on engines document prepared f o r  €PA, the 1975 
installed capac-i t y  f o r  industrial  applications was estimated (Reference 6) .  The 
data have been projected t o  1978 by assuming a 1.6 percent annual increase i n  
installed capacity f o r  a17 industria7 applications, based on analysis of the 
d a t a  pub l i shed  by the O i l  and Gas Journal which showed t h a t  the reciprocating 
engine capacity f o r  o i l  a n d  gas transmission increased by 1.6 percent from 1975 
t o  1976 (References 8 and 9). 
engine capacity f o r  industrial  applications are presented i n  Table 6. 
diesel engine predominates the u t i ?  i t y  market whereas the spark-igni ted gas 
engine predominates t h e  industrial  market. 

I n  a standards s u p p o r t  and enviromenta7 impact statement for  

Estimations o f  the 1978 installed reciprocating 
The 

For the nine-year per iod  from 1976 t o  1985, the Federal Power Commission 
estimated t h a t  tlhe net instal led capacity f o r  utility reciprocating engines 
wou1 d only i ncreiise by approximately 7 00 MW (Reference 7 0). 
engines i n  the natural gas indus t ry  are  used primari.1y t o  power compressors 
used i n  coli ec t i  ng gas from we1 1 s , p i  pel i ne transportati on, underground s t o r -  
age and gas processing plants. Recent sales data have indicated that  most of  

Reci procati ng 
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TABLE 5 ,  CURRENT AND PROJECTED GAS TURBINE INnALLED CAPACITY FOR 
UTILITY AND INDUSTRIAL APPLICATIONS - - 

A p p l  i cati on Area Instal 1 ed Capacity 
1978 1905 

-- 

~ -DEI i ti es 

41,500 MW 49,100 MW 
3,410 MW 2,910 MW 

O i  1 -fueled combusti on t u r b i n e  
Gas-fueled combusti on t u r b i n e  
Qi 1 -fuel ed combined cyc7 e 3,760 MW 8,770 Mw 
Gas-fuel ed combined cycl e 2,130 MW 1,580 MW 

O i l  and gas industry 5,390 MW 5,950 MU 

Private industry e l ec t r i c i ty  generation 

Oil and gas i n d u s t r y  
Other industry 

Other i ndwstrial app1 i cati ons 

490 MW 540 MW 
2,400 MW 3,600 MW 

1,080 MW 1,620 MW 
I 

I 
I Total 60,160 MW 74,070 MW 
I 
I 

the sales cof reciprocating engines t o  oil and gas pipelines were fo r  additions 
I to ,  o r  replacement o f ,  e x i s t i n g  compressor stations (Reference 6). In addi- 

t fon ,  natural gas production is  expected t o  decline i n  t h e  1978-1985 period. 
There has also been a movement away from reciprocating engines used i n  refin- 
ery operations t o  e’lectric motors and steam turbines, and occasionally, r’ossil- 
fueled combustion turb ines  (Reference 6). New sales f o r  reciprocating engines 
w i l l ,  therefor=e, be mostly f o r  the replacement market, and the installed 
capacity of reciprocating engines f o r  industrial appl  ications w i  11 remain a t  
essentially the same levei i n  the 7978-1985 period. 
installed capacity o f  reciprocating engines fo r  industrial applications, 
assumed t o  be equal t o  t h e  1978 instal led capacity, are presented in Tab 

I n  ternis of geographical d i s t r i b u t i o n ,  the s ta tes  w i t h  the highest 
installed capacity o f  u t i l i t y  gas turbines include New Jersey, Florida, 

Projections of the 985 

e 6. 

New York, Pennsylvania, and Il’linois. 
capacity o f  u t i l i t y  reciprocating engines include Kansas, Iowa, Missouri , 

The states  w i t h  the h ighes t  installed 1 
1 
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TABLE 6. CURRENT AND PROJECTED RECIPROCATING ENGINE INSTALLED CAPACITY 
FOR UTILITY AND INDUSTRIAL APPLICATIONS - 

Application Area Insta 1 fed Capaci t y  
1970 I985 

U t i  1 i t i  es 

Diesel, duial fuel, and gas engine 

Oil and gas transmission 

Diesel erngiine 
Gas -engine 

Natura7 gas processing 

Gas engine 

Oil and gas exploration 

Diesel engine 
Gas engine 

Crude o i l  and natural gas production 

Gas engine 

Industrial processes 

5,300 MW 

700 MU 
9,380 MW 

2,350. MW 

.. 840 'MG 
840 MW 

4,000 MW 

5,400 MW 

780 MW 
9,380 MW 

2,350 MW 

840 Mw 
840 Mw, 

4,000 MW 

Gas engine 940 MW 940 MW 
On s i t e  power generation 

Gas engine 

Totaf 

350 MW 350 MW 

24,780 MW 24,880 MW 

- - 
- - 

Michigan, and Minnesota, In industrial  applications,  most of insta l  led 
capacity for gas tun-bines and reciprocating engines is for o i l  and gas t r a n s -  
mission, crude o i l  product ion,  and natural gas product ion and processing. 
Industria7 gas turbfnes and internal combustion engines are , therefore, mastfy 

:found i n  s t a t e s  having more mileage o f  oil and gas transmission pipel ines  and 
1 higher o i l  and gas production act ivi t ies, .  For natural lgas transmission, f o r  

, 

I 

1 
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example, the n ine  s ta tes  of Louisiana, Texas, Kansas, Mississippi, 
Pennsyl van fa,  Kentucky, Michigan, New Mexico and Tennessee account for approxi 
mately 65 percent o f  the installed reciprocating engine and gas turbine a 

horsepower (Reference 1 ? 1. 

3.3 POPULATION CHARACTERITICS 

For u t i l i t y  gas tu rb ines ,  FPC has published data on plant capacity, plant 
fuel use, number of u n i t s ,  s ize of each u n i t  and the year o f  installation for 
each u n i t  (References 12 and 13). 
December 37 1973, the average size fo r  u t i l i t y  gas turbines (defined as total 
installed capacity divided by the t o t a l  number of u n i t s )  was approximately 
29 MGI. 
gas turbine u n i t s  were i n  the 15 t o  20 MW size range. 
Sawyer’s Gas Turbine  International indicates that  the average size of u t i  7 i t y  
gas turbines added a f t e r  t h e  end of 1973 is approximately 59 MW, w i t h  most of 

t rend is definitely toward the installation of large size turbines, and the 
current average size of u t i l i t y  gas turbines is approximately 31 MU. 
more than 40 percent of the total  number of u t i l i t y  gas turbine u n i t s  are s t i l l  
i n  the 15 t o  20 MW size range. On t h i s  basis, u t i l i t y  gas turbines i n  the 
15 t o  70 MW size range should a l l  be considered as  representative. 
o f  t h e  FPC age distribution data f o r  u t i l i t y  gas turbines shows t h a t  as of 
December 31 
o f  the installed capacity was less t h a n  5 years o l d .  
data w i t h  the new u t i l i t y  gas tu rb ine  installation d a t a  from Sawyer’s Gas 
Turb ine  International t h e n  shows that  as of December 31, 1976, the capacity 
average age f o r  u t i l i t y  gas t u r b i n e s  is approximately 5 years, and t h a t  more 
than 80 percent o f  the installed capacity is less t h a n  8 years o ld .  
t e s t  f ac i l i t i e s  selected f o r  t h e  u t i l i t y  gas turbine category s h o u l d ,  there- 
fore, be less than 8 years old, 

Analysis of the FPC data shows tha t  as o f  

The same data also shows that  44 percent of the total number o f  u t i l i t y  
More recent data from 

‘ t h e  new a d d i t i o n s  i n  the 45 t o  70 Mk size range (Reference 14). Thus, the 

However, 

Analysis 

1973, the capacity average age was 2.7 years, and t h a t  80’ percent 
Combination o f  the .FPC 

Candidate 

Size and age d i s t r i b u t i o n  data for i n d u s t r i a l  gas turbines are not  readily 
available, 
the o i l  and gas industry f o r  extraction o r  transmission purposes i s  presented 
(Ref erenee 3 1. 

In Figure 2, t h e  average size o f  gas  turbines ordered fo r  use by 
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c a 1 1 I I a I I I 4 
65 66 67 68 69 70 71 72 73 74 

YEAR 

Ffgiire 2. Average Size o f  Gas Turbines  Ordered by the 
O i l  and Gas Industry 

From Figure 2, i t  i s  reasonable t o  assume that  the average s i r e  u n i t  i n  
the o i l  and gas industry is  approximately 3,000 HP o r  2.2 MN. As the off and 
gas industry represents the major industrial market for gas turbines  , the 
average size u n i t  f o r  a l l  industrial gas t u r b i n e s  would also be approximately 
3,000 HP, 

For reciprocating engines, i t  has been reported t h a t  the average size u n i t  
f o r  e lec t r ic i ty  generation is approximately 2,500 HP o r  1.9 MW, and the aver- 
age size u n i t  for ( o i l  and gas transmission i s  2,000 HP o r  7.5  MW (Reference 6). 
Recent data on the age d i s t r i b u t i o n  of u t i l i t y  and industrial reciprocating 
engines are not  available. 
an estimated annual sa les  o f  280 MW o f  reciprocating engines t o  the electr ic  
u t i  1 i ty  market, the average age o f  the u t i  1 i t y  reciprocating engine is approxi- 
mately 70 years, The average age is estimated by assuming a l l  annual sales 
are f o r  the replacement market. Annual sales estimates are obtained from the 
same report (Reference 6) .  For i n d u s t r i a l  applications, w i t h  an installed 
capacity of 17,550 MW and an estimated annual sales of 570 MW of gas engj-nes 
f o r  gas transmission and processing, the average age o f  the industrial recip- 
rocating engine is again approximately IO years. 

Based on an installed capacity of 5,300 MW and 

Air pollution control equipment is generally not installed on gas turbines 
or reciprocating engines, par t ia l ly  because particulate and SOx emissions 

26 



f r o m  these combustion sources  are s i g n i f i c a n t l y  lower than  corresponding 
emissions from coal ffred and resfd o i l  fired boi fe rs .  There is, however, 
increasing recogni t ion  t h a t  NO, emissions from gas t u r b i n e s  and NO,, hydro- 
carbon, and CO emissions f r o m  rec iproca t ing  engines a r e  major cont r ibu tors  t o  
the nationwide emission burden. 
have been accepted as val id  techniques f o r  NO, control .  I n  Table 7, a partial 
l i s t i n g  o f  the 74 t u r b i n e  p l a n t s  w i t h  water o r  steam i n j e c t i o n  for NO, control  
i s  presented. 
t u rb ines ,  fuel a d d i t i v e s  such as so lub le  compounds of barium, manqanese and 
i r o n  are! o f t e n  employed. 
reduce vis'i b l e  emissions are no t  recomended by manufacturers because of con- 
cern over  poss ib l e  build-up problems a t  the cylinder por t s .  Fuel additives 
are, the re fo re ,  only in f r equen t ly  used w i t h  o i l  -fueled rec ip roca t ing  engines. 
Control o f  NO,, CD and hydrocarbons through c a t a l y t i c  conver te rs  and reduc- 
t i o n s  o f  CCI and hydrocarbon emissions w i t h  a f t e rbu rne r s  a r e  the only prac t ica l  
exhaust  t rea tment  methods f o r  r ec ip roca t ing  engines. 
however, have only been i n s t a l l e d  on a limited number of  u t i 1  i t y  and indus t r i a l  
reciproca&inig engines. 

For gas turbines, water and steam in j ec t ion  

In add i t ion ,  t o  reduce v i s i b l e  emissions from oi l - fueled 

For o i l - fue led  rec iproca t ing  engines ,  addi t ives  t o  

These control  measures, 
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4. EMISSIONS 

Air emiss ions  from t h e  f l u e  gas  stack are t h e  o n l y  s i g n i f i c a n t  emiss ions  
from e7 ectric*i t y  g e n e r a t i o n  and i n d u s t r i a l  g a s  t u r b i n e s  and r e c i p r o c a t i n g  
engines .  Fug-i t ive e m i s s i o n s  from these i n t e r n a l  combustion sources are negl i- 
g i b l e  because the l i q u i d  fuels used have low v o l a t i l i t y  l e a d i n g  t o  minimum 
e v a p o r a t i v e  l o s s e s  and the gaseous  fuels are r e c e i v e d  con t inuous ly  from a p i p e  
rather than  viia a f u e l  storage t a n k  and fuel pump. 
i n v e s t i g a t i o n s ;  (Refe rences  1, 3, 6, 17,  75, 16 and 171, NO, emiss ions  from 
o i l -  and gas-fueled t u r b i n e s ,  NO,, hydrocarbon, and CO emis s ions  from o i l -  and 
gas- fue led  r e c , i p r o c a t i n g  e n g i n e s  were i d e n t i f i e d  as major c o n t r i b u t o r s  t o  the 
n a t i  onwi de emi ssf  o n s  burden. 
a long  w i t h  emissions of p a r t i c u l a t e s ,  SO,, trace e lements ,  o rgan ic ,  and poly- 
cyclic o r g a n i c  matter (POM) from i n t e r n a l  combustion s o u r c e s  i n  t h i s  s e c t i o n .  

. 
As a r e s u l t  o f  p rev ious  

Emi ssi ons of t h e s e  pol  1 u t a n t s  are d i  s cussed  

4.7 EVALUATION OF EXISTING EMISSIONS DATA 

4.1.1 C r i t e r i a  - f o r  E v a l u a t i n q  the Adequacy o f  Emissions Data 

A major  t a s k  i n  t h i s  program has been the i d e n t i f i c a t i o n  of gaps and 
inadequac ie s  i n  the e x i s t i n g  emis s ions  d a t a  base f o r  combustion sources .  The 
results o f  t h i s  e f for t  d e t e r m i n e  the e x t e n t  o f  the sampling and a n a l y s i s  pro- 
gram r e q u i r e d  t o  comple te  a n  adequa te  emis s ions  a s ses smen t  f o r  each of the 
combustion-source types .  

The cri teria f o r  a s s e s s i n g  the adequacy of emis s ions  data  are developed 
by c o n s i d e r i n g  bo th  the r e l i a b i l i t y  o f  the data and the v a r i a b i l i t y  of the 
data. 
emis s ions  data is given  i n  Appendix A. 3riefly the gene ra l  approach is t o  
use a three-step p r o c e s s ,  I n  t h e  first s t e p  t h e  a v a i l a b l e  data are sc reened  
f o r  adequate d e f i n i t i o n  o f  p r o c e s s  and fuel parameters t h a t  may affect emis- 
s i o n s  a s  well as f o r  v a l i d i t y  and accuracy o f  sampling and a n a l y s i s  methods- 

A detailed p r e s e n t a t i o n  o f  the p rocedures  used t o  i d e n t i f y  and evaluate 
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the typical  capacity of gas turbines ranges from 10 t o  20,000 HP (approximately 
15 MW) , w i t h  an average capaci ty  of around 3,000 HP (2.2 Mw). Thus the indus- 
t r i a l  gas tutrbfnes are general ly  o f  smaller capacity than the electric u t i l i t y  
gas turbines, and the e x i s t i n g  emissions da ta  f o r  these two user sectors  w i l l  
be evaluated separately,  

Emissions Data Sources- 

Review o f  t h e  l i t e r a t u r e  indicated that there a r e  six primary sources o f  
emissions data fo r  gas tu rb ines .  The study conducted by McGowin contains 
mainly e ight  sets o f  NO, emissions data f o r  i ndus t r i a l  gas turbines (Refer- 
ence 15). The Standards Support and Environmental Impact Statement Document 
contains a tabulat ion o f  NO,, CO and hydrocarbon emissions data f o r  a l l  four  
categories of gas t u r b i n e s  t o  be evaluated here (Reference 3).  The Southwest 
Researcb Institute (SWRI) reports  contain emissions data  fo r  industri a1 gas 

turbines, but  t h e  emissions data are restricted t o  NO,, CO and hydrocarbon 
emissions fram gas-fueled turbines (References 11 and 16). In  another SUR1 
study, Hare and Springer compiled emissions data fo r  electric u t i l i t y  gas tur- 
bines  manufactured by General Electric, Turbo Power & Marine, and Westinghouse 
(Reference 17). Emissions data compiled include NO,, CO, hydrocarbon, parti-c- 
u la te ,  and SO, emissions from both gas and d i s t i l l a t e  oil-fueled gas turb ines .  
A comprehensive stack sampling program on fossil fuel burning gas turbines was 
conducted by Consolidated Edison during the May 1 1973 t o  November 13, 1974 
period (Referlences 18 and 79). 
hydrocarbon emissions from gas, kerosene, and No, 2 d i s t i l l a t e  oil-fueled- 
gas turbines, and a l so  p a r t i c u l a t e  and t r a c e  element emissions f o r  the oi 1- . 
b u r n i n g  gas turbines. 
reported include magnesium, lead,  cadmium, beryl1 iwn ,  barium, vanadium and 
manganese, 
the percent of su l fu r  i n  the fuel. 

Emissions da ta  col lected include NO,, CO, and 

Trace elements f o r  which emissions data have been 

SO, emissions reported were not measured b u t  calculated based on 

In addition t o  the primary reference sources cited above, Hurley and 
Hersh recently completed a s tudy t o  character ize  the e f f ec t s  o f  smoke and cor- 
rosion suppressant a d d i t i v e s  on the p a r t i c u l a t e  and gaseous emissjons from a 
u t i l i t y  d i s t i l l a t e  oi l - fueled gas t u r b i n e  (Reference 20). Exhaust samples 
from t h e  t u r b i n e  were analyzed f o r  total p a r t i c u l a t e  mass loading and composi- 
t i on ,  pa r t i cu la t e  size d i s t r ibu t ion ,  polycyclic organic matter (POM) and 
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gaseous emissions inc lud ing  NO,, CO, hydrocarbons, SO2 and SOg. The results 
of  the inves t iga t ion  showed a reduct ion i n  total p a r t i c u l a t e  loading when fuel 
addi t i  ves o f  b a r i  um/manganese, organi c manganese , i ron o r  chromi urn are used, 
a7thoiugPi particulate size d i s t r i b u t i o n s  were no t  shifted s i g n i f i c a n t l y ,  
F u r t h e m r e ,  t h e  effects o f  fuel a d d i t i v e s  on gaseous emissions, including 
POM, were found t o  be i n s i g n i f i c a n t .  This  is an important conclusion since 
fuel add i t ives  are comnonly employed t o  suppress  v i s i b l e  smoke emissions f r o m  
d i s t i l l a t e  o i l  t u r b i n e s ,  and i t  has been shown tha t  there is  no need t o  sub- 
c l a s s i f y  the gaseous emissions data on t h e  basis of fuel  add i t ive  introduct ion,  

Indus t r ia l  Gas and Distillate Oil-Fueled Gas Turbines- 

The emissions data f o r  industrial gas and d i s t i l l a t e  oi l - fueled gas 
turbines, a s  compiled from the McGowin, SWRI and Standards Support and Environ- 
mental Impact r e p o r t s ,  a r e  summarized i n  Tables 8 and 9. 
sions data f o r  w h i c h  accompanying humidity and load factor da ta  a r e  ava i lab le ,  
a humidity c o r r e c t i o n  f a c t o r  K has been appl ied  t o  the NO, values and load 
f a c t o r  co r rec t ion  f a c t o r s  have been appl ied  t o  the NO,, CO and hydrocarbon 
va1 ues (Reference 11 ) : 

For the SUR1 emis- 

7 
1 - 0.003 (H-44) K =: 

where H 1s the humidity i n  grains H20/lb dry a i r  

Load Fac tor  = Operat ing Load/Rated Load 

Emission a t  Rated Load = Emission a t  Operating Load x Correctiun Factor 
-0.5 Correction Fac tor  f o r  NO, = (Load Fac tor )  

2 Correction Fac tor  f o r  Hydrocarbons = (Load Fac tor )  

Correction Fac to r  f o r  CO = (Load Factor)  2 

AI; noted i n  Tables 8 and 9, t h e  emissions d a t a  f o r  i n d u s t r i a l  gas and 

d i s t i l l a t e  o i l - fue l ed  gas tu rb ines  a r e  l imited t o  NO,, CO and hydrocarbon 
emissions. For these types o f  emissions,  the existing da ta  base i s  judged 
be adequate as the v a r i a b i l i t y  ts(?)/g is  less than 0.7 f o r  a l l  cases. For 
gas-fuelled indus t r i a l  t u r b i n e s ,  SO, emissions may be estimated from the sulfur  
content  o f  natural gas, and p a r t i c u l a t e  emissions may be assumed t o  be equal 

’i 
1 

t o  
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TABiLE 8. EXISTING EMISSIONS DATA FOR INDUSTRIAL GAS-FUELED 
GAS TURBINES UNDER BASE LOAD COIIDITIONS - - 

Base Load 
Turbine MsdeliIc Rating Emission Factor, ngJJ Reference (HP 1 co HC - 
DDA 404-3 

Solar  Saturn 
Solar  T-100'1 
Unknown 
Unknown 
Solar  Centatrr 
Unknown 

Unknown 
Unknown 
GE(1) M3912R 
GE(1) Frame 3(S) 

G E ( 1 )  M3112R 

Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 

GA 831-800 

DDA 501K-13 

TPM GG 3C-1 

TPM GG 3C-4 

270 
690 

1,050 
1,050 

- 1,100 
1,100 
2,700 
3,350 
3,350 
6,200 
6,900 
9,100 
9,300 

10,500 
71,100 
12,000 
13,900 
13,900 
13,950 

14,700 

14,700 
14,700 
20,000 

21 3 
183 
76 
67 
66 
78 

140 
7 59 
7 73 
223 
7 99 
185 
100 
112 
176 
7 02 
40 
110 
7 33 
72 

125 
117 
139 

79.5 
7.2 
65.9 
54.2 

65.0 
30.7 

12.1 * 

-. 
-- 
7.7 
8.6 
65.0 
3.9 
79.6 
81.1 
139.8 

31.0 

17.8 
e- 

-. 

5. 7 
-- 
_e 

.- 
6.9 
3.4 

20.8 
6.9 

3 
3 
3 

11,16 
15 
15 
3 
3 
3 

75 
15 

11,16 
71,16 
11,16 
17,16 
11,16 

3 
3 

75 
15 
15 
75 
71,76 

8.6 
17 10.0 2 .3  

Mean 'z 7 30 48.8 
Standard Devii a ti on 

o f  the Mean s ( 2 )  

Var iab i l i t y  t:s(;)/; 0.174 0.441 0.594 - - 
* GE - General Electric DDA - Detroit Diesel Allison 

TPM - Turblo Power and Marine Systems GA - Gar re t t  AiReseaPch 
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TABLE 9, EXISTING EMISSIONS DATA FOR INDUSTRIAL DISTILLATE OIL-FUELED 
GAS TURBINES UNDER BASE LOAD CONDITIONS 

-- -- 
Emf ssi on Factory ng/J 

co 
Base Load 

(HP 1 
Ref e r e n  ce HC Turbi ne Model * Rating 

- 
-- 2 

DDA 404-3 270 97 248 
DDA 404-3 
GA 837-800 
GA 831-800 
Solar Saturn 
Unknown 
Solar Centaur 
Unknown 
Unknown 
DDA 507 E< 75 
Unknown 
Unknown 
Unknown 

270 
690 
690 

7,050 
7,350 
2,700 
3,350 
3,350 
3,350 
3,350 

73,900 
13,900 

409 
258 
256 
730 
773 
160 
263 
254 
223 
792 
89 
248 

16 
18 

186 
40 

7 42 
65 
30 
62 

.-.- 

7 60 
63 

-- 
-I 

0.6 
-- 

5.7 

5 . 7  
5.1 
-- 

3.4 
-- 

7.0 

J 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

- 
Mean 207 107 3.6 
Standard Deviation 25 23 0.9 o f  the Mean s(2 )  

0.264 0.493 0.680 

* DDA - Detroit Diese1 Allison 
GA - Garrett Airesearch 

t o  thosle of gas-fueled u t i l i t y  t u r b i n e s  on an emission factor basis. Also, 
trace element emissions are  not o f  concern because of the l o w  trace element 
content of natural  gas, and POM emissions are not o f  concern because of the 
paraffinic nature of natural gas and the large amount o f  excess a i r  present i n  

gas turbines. 

I 

~ 

I POMs is: 
I Other t h i n g s  be ing  equal, t h e  tendency for hydrocarbons t o  form 

I 
Aramatics > Cycloolefins > Olefins > Paraffins 
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Natural gas contains predominantly saturated hydrocarbons which do not  promote 
addi ti on-type reactions between hydrocarbon species. A1 so, the absence o f  
r ing  structure type compounds i n  natural gas means tha t  there are no convenient 
bui ld ing  blocks f o r  more condensed r ing  structures such as POMs. 5ased on the 
above considerations, i t  i s  concluded tha t  the existing emissions data base is 
adequate for industrial gas-fueled gas turbines.  

For industrial d i s t i l l a t e  oil-fueled gas tu rb ines ,  the lack o f  particulate, 
SO,, SO3, particulate sulfate ,  trace element and organics emissions data leads 
t o  t h e  conc:lusion that. the e x i s t i n g  emissions data base is  inadequate, 
ever, the mission factors f o r  d i  s t i  l l a te  oi l -fueled gas turbines for i ndustrial 
use and f o r  e lec t r i c i ty  generation under base load conditions are expected t o  
be similar f o r  these types o f  emissions, and emissions data f o r  u t i l i t y  distil- 
l a t e  oil-fueled gas turbines may be  used t o  estimaterthe emissions from indus- 
t r i a l  d i s t i l l a t e  oil-fueled gas turbines, 

How- 

Electricity Generation Gas and Dist i l la te  Oi?-Fueled Gas Turbines-  

For the e l ec t r i c  u t i l i t y  industry, gas t u r b i n e s  are used primarily for 

Because the type and quantity of exhaust 
peaking power, An exception is  combined cycle plants, which are generally 
designed f o r  base load operation, 
emissions fimorn gas turbines are dependent on the opera t ing  load, i t  may be 
necessary to develop composite emission factors based on the operating cycle 
of gas turbines. 
the operating cycle f o r  simple gas turbines was postulated t o  include 15 per- 
cent a t  zerci load,  2 percent each a t  25 percent, 50 percent and 75 percent 

In an analysis performed by Hare and Springer (Reference 171, 

load, 60 percent a t  100 percent load, and 79 percent a t  725 percent load, as 
depicted i n  Table 70. 
summing the products o f  the emission factor and percent operating time spent 
a t  each load condition, The results of the analysis indicated tha t  the com- 
posi te  emission factors f o r  NO,, particulate, and SO, are almost equal t o  the 
unweighted emission factors a t  100 percent rated power. For hydrocarbon and 
CO emissions, however, the composite emission factors were found t o  be 58 per- 
cent and 118 percent h i g h e r  than the respective unweighted emission factors 
a t  100 percent rated power, mainly because o f  the h i g h  hydrocarbon and CO 
emissions d u r i n g  gas t u r b i n e  s t a r t s ,  

The composite emission f a c t o r  was t h e n  Calculated by 

On t h i s  basis, i t  is  concluded that  NO,, 
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TABLE 10. POSTULATED OPERATING CYCLE FOR ELECTRIC 
UTILITY GAS TURBINES (Reference 17) -- -- 

% Operating Time a t  Condition 
X of  Rated Time Spend Based on 4.8 hr Day Contribution t o  Load 

Power A t  Condition i n  Hours i n  Minu tes  Factor a t  Condition 
~- 

0 15 0.72 43 0.00 x 0.15 = 0.0 
25 2 0.10 6 0.25 x 0.02 = 0.005 

50 2 0.10 6 0.50 x 0.02 = 0.010 
75 2 0.10 6 0.75 x 0.02 = 0.015 

100 (base) 60 2.88 173 1.0 x 0.60 = 0.60 
125 (peak) 19 0.91 55 1.25 x 0.19 = 0.238 

4.81 289 = Load Factor = 0.868 
- - 

par t icu la te ,  and SO, emissions data a t  base load 'dondi t i ans  can be used t o  
adequately character ize  t h e  emissions o f  these pol lu tan ts  from gas turbines. 
The composite emission factors f o r  hydrocarbon and GO emissions w i ? l  be 1.58 
and 2.18 times the corresponding unweighted emission fac tors  a t  base load con- 
di t ions.  These composite f ac to r s  can be used t o  estimate the to t a l  annual 
emissions from a simple cycle  gas turbine: 

Total annual emissions = Total ins ta l led  base load ra t ing  x 8760 
x capacity f a c t o r  x average heat ra te l  
x composite emission f ac to r  

Combined cycle p lan ts  a r e  nonnally operated a t  base load conditions and there- 
fo r  t h e  composite emission f a c t o r s  and unweighted emission fac tors  a t  based 
load a r e  the same. 

For e l e c t r i c i t y  generation gas-fueled gas turbines, the  exis t ing emissions 
data f o r  the c r i t e r i a  po l lu t an t s  under base load conditions are presented i n  
Table -11. As noted in Table 71, the exis t ing  data base f o r  NOx emissions i s  
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TABLE 11. EXISTING EMISSIONS DATA FOR ELECTRICITY GENERATION 
GAS-FUELED GAS TURBINES UNDER BASE LOAD CONDITIONS 

- - Base Load 
- 

Reference Emission Factor, ns/J 

HC co Part sox 
Turbine Modeldi' Rating 

(m3 
TPM GG 4A-8 
TPM FT4A 
TPM GG 4A-8 
TPM TT4A-9DF' 
TPM fT4-9DF 
GE MS 5007-LA 
GE MS 5001-S1C 
GE MS 7001-8 
GE MS 5000-U\ 
GE MS 5000-N 
GE MS 5000-LEI 
GE MS ~ O O O - M  
Unknown 
Unknown 
Unknown 

19.5 
19.0 
19.5 
19.2 
79.0- 
17,s 

Unkown 
67.5 
74.6 
17.5 
16.5 
12.8 
13.0 
13.0 
25.0 

154 
225 
131 
158 
21 4 
137 
236 
180 
135 
169 
172 
123 
178 
154 
159 

0- 

4 . 7  

19.5 
57.1 

0- 

-0 

0- 

7.5 
2.1 
4.3 
2.6 
7.7 
4.0 

27.3 
1.3 

18.0 
13.5 

-0 

24.2 
124 
492 

0- 

1.8 
15.0 
8.6 
11.6 
6.5 
44 
85 
3.9 

17 
17 
17 
17 

18,19 
17 
17 
3 

18.19 
18,79 
18,19 
18,19 
3 
3 
21 

Mean Z 168 15.0 29.7f 5.06 4.42 

Standard Devi l a t  r" on 9 5.7 10.8 1.16 2.19 o f  the Mean s e i )  

Variabi 1 i ty  ts (:)/: 0.112 0.849 0.803 0.987 6.32 
x = ;7 + ts(Z:) -0 27.8 53.6 10.06 32.4 
- 

U - 
* TPM - Turbo Power & Marine Systems 

GE - General Electric 

f The mean emission factor for  CO was ca7cu7ated after discarding the outlying 
data p o i n t  492 ng/J. 
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asiequate, 
f a c t o ~ s  is  sl ightly greater than 0.7. 
10 (existing data po in t s  are available f o r  both  hydrocarbon and CO emissions, 
and the variabil i ty i n  emission factors i s  probably due t o  differences i n  
eqwipment and operational characteristics. As such, additional data polnts 
would not necessarily reduce the variabil i ty i n  emission factors and t h e  
e x i s t i n g  data base for hydrocarbon and CO emissions should be considered as 
adequate, For particulate emissions, the v a r i a b i l i t y  i n  emission factor is 
also sl ightly greater than 0.7. 
5.1 ngJJ, however, is almost identical t o  the published AP-42 particulate 
emission factor o f  5.7 ngJJ fo r  e lec t r ic i ty  generation gas-fueled gas turbines 
(Reference 23) .  Furthennore, as w i l l  be discussed la ter ,  the mean source 
severity factor f o r  particulate emissions from electr ic i ty  generation gas- 
fueled gas turbines i s  approximately 0.002, indicating that particulate emis- 
sions from gas-fueled tu rb ines  should no t  be an environmental problem. The 
existing data base f o r  particulate emissions is ,?therefore,  also considered 
t o  be adequate. For SO, emissions, although only two existing data points 
are available and the variability i n  SO, emissions is  large, SO, emissions 
may be estimated assuming an average natural gas sulfur content of 4,6000 
g/ lO m , Also ,  as discussed i n  the case o f  industrial gas turbines, trace 
elemcent and POM emissions are no t  o f  concern f o r  gas-fueled gas turbines. 
Overall, the existing emissions data base is ,  therefore, adequate fo r  elec- 
tri ci ty  generati on gas turbines. 

For hydrocarbon and CO emissions, the variability i n  emission 
However, i t  may be noted that  more than 

The mean particulate emission factor o f  

6 3  

I 

Fsr electr ic i ty  generation d i s t i l l a t e  oil-fueled gas turbines, the 
existing emissions data fo r  the c r i te r ia  pollutants under base load conditions 
are presented i n  Table 12. 
part-iculate and SO, emissions f o r  e lectr ic i ty  generation d i s t i l  la te  o i l  
tu rb- ines  is less t h a n  0.7 f o r  a l l  cases, and the existing data base f o r  these 
critezria po l lu t an t s  is  therefore considered t o  be adequate. 
Hersh study, particulate size distributions f u r  the base load operation o f  a 
Turbo  Power and Marine FT 4C-1LF turbine were derived from impactor data 

The variabil i ty ts(:)/? i n  NO,, hydrocarbon, C O Y  

In the Hurley and 

(Reference 20). T h e  turbine opera t ion  i n  t h e  investigation 
i n t r o d u c t i o n  o f  optimum concentrations o f  manganese/barium, 
and i ron  based fuel additives, The data showed t h a t  on the 
cent of the particulates are less than 0.17 um i n  size, and 
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TABLE 12. EXISTING EMISSIONS DATA FOR ELECTRICITY GENERATION DISTILLATE 
OIL-FUELED GAS TURBINES UNDER BASE LOAD CONDITIONS - - 

co 
Emission Factor, ng/J 

HC Part Reference 
Base Load 

sox* 
Turbine Mode1 * Rating (Jw Nox -. 

17 
17 

6.9 17 
17 

200 40.0 0- 15.5 ...- TPM GG 4A-8 79.5 

TPM FT 4A-9DF 19.2 41 2 4.5 <16.7 18.5 
TPM GG 4-8 19.5 277 4.0 c15.8 29.0 13.7 
TPM FT 4-9DF' 

-- Iu TPM TP 4-2 43.2 367 H -- 

200 1 379 0.9 32.6 16.7 8.6 18,19 
18.0 332 4.8 51.1 0- 8.7 18.19 TPM FT 4-9DF 

TPM FT 4A-8LF 77.5 275 3.0 3.7 10.3 8.7 18,19 
TPM FT 4C-1LF 20.0 225 2.3 26.9 6.7 103 20 

GE MS 5001-LA 
GE MS 5007-SlC 
GE MS 7001-SIC 
GE MS 7001 8 

GE MS 5007-NP 
GE MS 7001 C 
GE MS 7001 B 
GE MS 5000-U\ 
GE MS 5000 N 
GE MS 5000-LPL 
GE MS 5000-M 

77.5 
Unknown 
Unknown 
60.4 
.23. 5 
67.4 
50.0 
13.9 
20.3 
15.6 
12.2 

269 
307 
395 
21 6 
285 
296 
21 0 
204 
31 9 
270 
221 

00 

3.0 
4.3 
3.0 
9.0 

--. -0 -0 

21.9 30.5 43.8 
8.2 9. 1 57.1 
70.3 14.0 44.2 
79.3 16.3 66.2 

17 
17 
17 
3 
3 
3 
22 
78,79 
18,19 
78,14 
18,19 . 

3 12.5 209 0- 31 .O 0- 0- 

78.9 41 9 -0 20.0 -_ -0 

W 1916 
7 
J W 507-B4 
3 -- 0- -- W 501 D 87.8 643 0- 

w 257 
w 191 

19.5 368 2.9 13.3 12.5 64:O 78,19 
10.0 207 3.4 28.4 7.0 66.6 18,79 

3 

3 

_- 30.8 -- -- Turbodyne 7lC 51.7 536 
-- -_ Unknown 52.9 253 -- -- 

0 Contfnued - 
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, 

TABLE 12. (CONTINUED) -- - 
Mean 2 311 4.6r 20.1 15.5 41.0 
Standard Deviation 

of the Mean s(z)  
2’1 0.8 3.0 2.2 9.1 

Variabi’E i t y  ts (z)/z 0,140 0.404 0.320 0-314 0.490 

* T I M  - Turbo Power & Marine Systems 

7 The mean emission factor fo r  HC was calculated a f te r  discarding the outlying 

+ The SOx emissions data f o r  the Con Edison gas turbines were calculated based 

- -- 
GE -. General Electric 
bl - Westinghouse 

data point 40 ng/J using the method o f  Dixon. 

on the percent o f  sulfur i n  the fuel (Reference 19).  

90 percent of  the particulates are less than 1 -urn i n  size. Additionally,  i t  
was shown from the results of a particle-by-particle X-ray analysis that a l l  
the particles which contained the additive base element fell i n  the upper end 
o f  the measured size range, w i t h  typical diameters on the order o f  1 m. In 
several previous investigations, particulate size d i s t r i b u t i o n  determinations 
by f i l t r a t ion ,  l i g h t  and electron microscopy and impaction have also shown that 
particulate emissions from d i s t i l l a t e  o i l  turbines were submfcron, and i n  
generail Thus, a l l  the 
studies conducted have indicated that a t  l eas t  90 percent o f  the. particulate 
emissions from d i s t i l l a t e  o i l  turbines are less than 1 urn i n  size,  and addi- 

below 0.5 urn i n  diameter (References 24, 25 and 26).  
* 

I tional particulate s ize  determinations are n o t  required. 

For SO3 emissions from d i s t i l l a t e  o i l  fueled gas turbines, Johnson 
reported that based on t h e  t e s t  data available i n  1973, an average o f  3.66 per- 
cent o f  the sulfur present i n  the fuel is converted t o  SO3 and the remainder 
is converted to  SO2 (Reference 27).  More recently, the Hurley and Hersh study 
found that  based on 13 data po in t s  on a u t i l i t y  turbine w i t h  various injection 
rates o f  three types o f  fuel additives, and using an abso rp t ion - t i t r a t ion  
method fur the determination o f  sulfur oxides, an average o f  3-96 percent o f  
the sulfur present i n  the fuel was converted t o  SO3 (Reference 2 0 ) .  
lent agreement between t h e  two sets o f  data p o i n t s  indicates t h a t  there is no 
need f o r  additional SOg measurements. In the Hurley and Hersh investigation, 
i t  was a l so  determined from t h e  exhaust particulate studies that approximately 

The excel- 
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1 percent of: the sulfur present i n  the fuel was converted to particulate 
sulfate, The particulate su l fa te  data reported included metallic sulfates and 
a small fimaction o f  particle-absorbed SO3. 

t h a t  of the trace elements naturally present i n  the fuel , lead and magnesium 
are  emjtteld *in the greatest  concentrations. Manganese and barium are addi- 
tives t o  t h e  kerosene o r  No. 2 d i s t i l l a t e  o i l  t o  retard visible smoke emis- 
sions and are therefore also emitted i n  greater concentrations. 
o f  the variabil i ty ts[z)/z i n  t race element emissions show that  the emissions 
data base is adequate for lead and beryllium. 
turbine fuels committee has recently approved a revised s e t  o f  trace element 
1 i m i  ts for gas t u r b i n e  fuels (Reference 28) . 
trace elements, including vanadium, sodium and potassium, calcium, and lead 
are shown i n  Table 14. These trace element limits may be used t a  calculate 
the maximmi emissions f o r  these f o u r  trace elements from d i s t i l l a t e ' o i l  

Emissions data f o r  t race  elements are  presented i n  Table 13, and indica te  

Calculation 

In addi t ion ,  the ASTM gas 

The 7 imits fo r  the cr i t ica l  

t u r b i n e s ,  als presented i n  Table 15. By comparison, the emission factors for  
lead and vandaium estimated from exis t ing  data are well w i t h i n  the limits o f  
these maximiurn emissions, 
data are availlable, the upper bound S, for  the mean severity factors have also 
been calculated from zu = 2 + ts (2) .  
o f  the source severity calculations show tha t  among the trace element emis- 
sions, 4.05 f o r  barium, cadmium, magnesium, manganese and vanadium. O f  
this basis, the existing emissions data base for these trace elements, as.wel1 
as tha t  f o r  lead and beryllium, can be considered t o  be adequate. 

For trace element emissions f o r  which variabil i ty 

As w i l l  be presented l a t e r ,  the results 

s, 

For POI4 emissions from u t i l i t y  d i s t i l l a t e  o i l  turbines, the only available 
data are from the Hurley and Hersh study (Reference 20) .  
conducted under reduced load conditions (approximately 70 percent of  base load) 
w i t h  fuel a d d i t i v e  injection and also f o r  baseline cases w i t h  no a d d i t i v e .  The 
POM samples were obta ined  us ing  a Battelle Tenax absorpt ion system. 
data presented in Table 16 show tha t  the largest  emissions t o  consistently 
appear were t h e  anthracene/phenanthrene species, both o f  which are known t o  be 
noncarcinogenic. 
o f  the tes ts .  
a d d i t i v e  on POM formation. 

Test ing for  POM was 

The POM 

Benzo(a)pyrene, a known carcinogen,, was found i n  only one 
The data also showed the apparent catalytic effect o f  the i r o n  

The r e l i a b i l i t y  of the Hurley and Hersh POM data, 
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TABLE 13. EXISTING TRACE ELEMENT EMISSIONS DATA FOR ELECTRICITY GENERATION 
DISTILLATE OIL TURBINES UNDER EASE LOAD CONDITIONS* 

-- -- 
Emission Factor ,  ng/J 

Turbine Model 
and Location Fuel Mg Pb Cd Be Ba V Mn 

Ravenswood ?4 

GE MS 5000-LA 
Kerosene 
A2 9il 

3.86E-2 
1 .12E-l 

4.47E-3 
6.40E-3 

1.03E-3 1 -33E-4 
6 - 40E-4 9.32E-5 

4.73E-4 9.16E-6 

1 -48E-3 
3.2a~-3 

1 -24E-3 

1 .48E-3 1 - 62E-2 
1.60E-3 1.91E-2 

Flarrlows 1-1 
GE MS 5000 N 

Kerosene 2.90E-3 3 - 79E-4 3.55E-3 

Astorria =lZ 
W 25'1 

-"2 Oil 3.13E-3 4.60E-4 2.37E-5 2.4PE-2 3.77E-3 5.76E-2 

Astor-ia -"7 
w 1911 

'2 Oil 4.425-2 1 .03E-3 2.11E-5 2.11,E-5 1.86E-2 2.07E-4 3.92E-2 

2.26E-3 2.58E-4 Raverrswood =11 
TPM FT 4-9DF 

Kerosene 1.53E-2 2.5SE-3 3.32E-3 7 - 93E-3 

Ravenswood =S 
GE MS 5000-LA 

Kerosene 
=2 Oil 

=2 Oil 

5.67E-3 
2.75E-3 

5.63E-3 

6.83E-4 7:47E-5 
I .02E-3 1.flZE-4' 

i .r)6E-3 
1.22E-2 

7.47E-4 4.30E-3 
2.04E-4 1.02E-3 

5. WE-4 3 -07E-3 Ravenswood +7 

GE MS 5000 M 
S -07E-4 3.37E-4 5 - 07E-4 

6 -44E-3 2.98E-4 74th St =2 
TPM FT 4A-8LF 

Kerosene 2.16E-2 R .  94E-4 2.38E-4 1 .56E-3 -- 

Mean .; 6.47E-2 €.89€-3 'I .36E-3 1.35E-4 6.65E-3 1.25E-3 1.48E-2 

Standard Deviation 
of  the Mean s(E) 2.35E-2 2.05E-3 5.97E-4 3.30E-5 2.76E-3 4.15E.4 6.10E-3 

Vari a b  i 1 i t y  t5  (Z ) / i 1.563 0.672 0.997 0.637 0.940 0.749 0.936 

z = i + t s ( Z )  1.66E-I i .15E-2 2.71E-2 2.21E-A 1.29E-2 2.19E-3 ?.FEE-2 
-- u 

* 
All t h e  emissions d a t a  were ob ta ined  from Con Edison (Reference  19). A l s o  magnesium and 
barium were added t o  t h e  kerosene  and Fio. 2 d i s t i l l a t e  o i l  t o  r e t a r d  visible smoke 
emi s si i ons 
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TABLE 1 4 , ASTM-0-2880-76-TRACE METAL LIMITS FOR 
GAS TURBINE FUELS (Reference 28) - 

Impurity Content,  ppm by Weight 

Lead Ca7 ci aun Fuel Sodium & 
Am 

Potassium No. Type Vanadi urn 

0 Naphtha 0.5 0.5 0.5 0.5 

0.5 0.5 0.5 0. 5 2 No, 2 Fuel O i l  

3 Heavy Distil Jate  0.5 0.5 0.5 0.5 

- 

1 Kerosene 0.5 0.5 0.5 0.5 

- 

TABLE 75, MAXIMUM TRACE METAL EMISSIONS BASED ON ASTM-0-2880-76 
GAS TURBINE FUEL LIMITS (Reference 28) - - I 

ASTM 
No. 

Fuel 
Type 

Emission Factor, ng/J - . _  

Cal ci  urn Lead Sodium +. 
Potassium Vanadium 

0.712 0.112 0.112 0 Naphtha 0.172 
1 Kerosene 0.112 0.112 0.112 0.112 
2 No. 2 Fuel O i l  0.712 0.112 0.112 0.112 
3 Hleavy D i  s t i  11 a t e  0.112 0.112 .0.112 0.112 

however, i s  smewhat questionable, especially because the highest POM levels 
obtained were from an ambient a i r  sample. 
other organlics emissions i s  therefore inadequate, The overall assessment o f  
the existing emissions data f o r  e lec t r ic i ty  generation d i s t i l l a t e  oil-fueled 
gas turbines js tha t  the data base is inadequate because o f  the paucity o f  data 
f o r  t race elements and organics emissions. 

The existing data base for POM and 

Source Severity- 

The mean source severity f a c t o r  i s  d e f i n e d  as  t h e  r a t i o  o f  the calculated 
maximum ground level: concentration o f  the pollutant species f o r  an isolated 
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TABLE 16. POM EHISSIONS DATA FOR AN ELECTRICITY GENERATIO14 

70 PERCENT LOAD (Reference 20) 
DISTILLATE OIL-FUELED GAS TURBINE OPERATING AT 

- - 

POM Species 

hi ssi on Factor, pg/ J 

Addi ti ve Addl t i v e  Additive Additive 
ke No Mn Ba/Mn 

An thracene/phenanthrene 1-53 1.36 1.37 2.36 
Methyl anthracenes 0.95 0.84 0.66 1.03 
Fl uoran1:hene 0.23 0.24 0.25 0.52 
Pyrene 0.70 0.14 0.12 0.46 
Methyl f7 uoran thenes/pyrenes ND 0.02 PI0 0.06 
Chrysene/benz( a )  anthracene 0.06 NO ND 0.18 
Benzo f l  uoranthenes ND ND ND 0.06 
Benzo ( a ) pyrene ND ND ND 0.03 
Benzo (e ) ,pyrene ND ND ND 0.06 
Peryl ene ND ND ND ND 

NO - Not Detected. Detection limits were not specified i n  Reference 20. 

typical source t o  t h e  level a t  which a potential environmental hazard exists. 
Detai 1 ed methods f o r  the calculation of  source severity factors are described 
i n  Appendices A and B. 

pol 1 utants and the primary ambient a i r  qual ity standard (for the cr i ter ia  pol - 
lutants, 
Toxicity Effluent (MATE) values based on health effects will be used i n  place 
o f  TLV's, The MATE concept was originally developed as  a guide for environ- 
mentally safe emission concentrations from fossil energy processes, and MATE 
values f o r  a large number o f  compounds have been recently developed under the 
direction o f  the U.S. Environmental Protection Agency (Reference 29). 
MATE value based on health effects  is usually assumed t o  equal the TLV when- 
ever the I L V  i s  available. 
and i t  is reasonable t o  use MATE values as TLV's i n  the calculation of source 
severity factors whenever necessary. 

I n  general, the potential environmental hazard level 
I 

l is  taken t o  be the Threshold L i m i t  Value (TLV) divided by 300 f o r  non-criteria 

For pollutants f o r  which no TLY is available, the Minimum Acute 

/ 

j The 

The MATE values and TLV's are therefore equivalent, 
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f n  Tables 17 and 18, the mean emission factors and the mean source 
severity factors o f  a i r  missions from gas and disti l late oil-fueled gas tu r -  
bines are presented. 
factors >0.05 fo r  a l l  four  gas tu rb ine  categories, indicating a potential 
environmental effect. In addition, SO3 emissions from’ d i s t i l l a t e  oil-fueled 
gas turbines also have mean source severity factors >0.05, and should be 
Considered as environmentally significant. The source severity factors fo r  
POM emissions have not been computed because reliable POM emissions data are 
no t  available from the- ex i s t ing  data base. 

O f  t h e  known emissions, NO,x has mean source severity 

The source severity concept has also been used i n  the evaluation o f  the 
adequacy o f  emissions data base, As discussed previously, the upper bound S, 

for  the mean source severity factor  has been calcu7ated for trace elements f o r  
w h i c h  v a r i a b i l i t y  data are  available. The results of these calculations show 

t h a t  among the t race element emissions from d i s t i l l a t e  oil-fueled gas turbines, 
S ~0.05 f o r  barium, cadmium, magnesfm, manganese, and vanadfum. The existing 
emissions data base for  these trace elements has therefore been considered adequate. 

Status  o f  Exist ing Emissions Data Base-- 

U 

I n  summary, the evaluation o f  the adequacy of existing emissions data for 
gas turbines has 1 ed to  the fo l  1 owi ng concl usi ons : 

e The ex.isting emissions data base i s  adequate f o r  industrial and 
e lec t r ic i ty  generation gas-fueled gas turbines. 

0 The existing data base for NO , HC and CD emissions i s  adequate f o r  
i n d u s t r i a l  d i s t i l l a t e  oil-fuefed gas turbines. For other types o f .  
emissions, emissions data for e lec t r ic i ty  generation d i s t i l  la te  o i  1 - 
fueled gas turbines may be  used t o  estimate the emissions f r o m  
industrial d i s t i l l a t e  oil-fueled gas turb ines .  

0 The existfng data base f o r  NOx, HC, CO, particulate, SO2 and SO3 
emissions is adequate f o r  e lec t r ic i ty  generat ion d i s t i l  l a t e  oil-fueled 
gas turbines, Among t h e  trace elements, the existing data base for 
barium, beryllium, cadmium, lead, magnesium, manganese and vanadium 
emissiaris is  adequate. However, the existing data base f o r  other . 
trace elements and organics emissions is inadequate f o r  e lectr ic i ty  
generation d i s t i l l a t e  oil-fueled gas t u r b i n e s .  
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TABLE 77. EMISSION FACTORS AND MEAN SOURCE SEVERITIES OF A I R  
EMISSXONS FROM GAS-FUELED GAS TURBINES - 

Parameter 

Average Unit 
Size 

Average Fuel 
Consumrptf on 

Average Stack 
Height  

Po7 1 utant 

HC 

co 
Part 

Industria7 Gas Turbine 

2.24 Mw (3,000 HP) 

Elec. Gen. Gas Turbine 

30 MW 

3.19 x loJ4  J/year 4.28 x 10'' J/year 

24 rn 159 rn 

kissfon fac tor  Mean 
(ng/J) Severfty S 

Emission Factor Mean 
(ns/J) Severity S 

7 30 

8.6 

48-13 

5.1 

0.26 

0.5212 r 

0.0246 

0.0007 

0.0062 

<0.0001 

168 0.771 1 

23.8 0.0207 

64.8 0.0003 

5.7 0.001 9 

0.26 <o. 0001 
I 

Average fuel consumption foil industrial  sas t u r b i n e  was calculated 
assuming an average heat rate o f  '15,400 ku/KW-hr  and a capacity factor 
of 7 00%. 
Average fuel consumption for e l e c t r i c i t y  generation gas t u r b i n e  was 
calculated assuming an average heat  ra te  o f  15,400 Btu/Klrl-hr and, a 
capacity f ac to r  o f  100%. 
For industrial  gas turbines, the I'tOx, HC and CO emission factors were 
based on exis t ing  emissions data, the particulate emission factor was 
assumed t o  be the same as tha t  for e l ec t r i c i ty  generation gas turbines, 
and the SOX emission fac tor  was calculated assuming an average natural 
gas s u l f u r  content o f  4,600 g/106 m3. 
For e l e e t r i c i  t y  generaticon gas turbines , t h e  !loxs HC, CO and particulate 
emission fac tors  were a l l  based on existing emissions data, whereas the 
SOX emission f a c t o r  was calculated assuming an average natural gas sulfur 
content of 4,600 g/106 m3. 
composite emission fac tors ,  Nhich are equal t o  1.58 and 2.18 times tile 
corresponding unweighted emission factors a t  base load  c o n d i t i o n s .  

Also, the HC and CO emissions factors a re  
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TABLE 18. EMISSION FACTORS AND MEAN SOURCE SEVERITIES OF AIR 
EMISSIONS FROM DISTILLATE OIL-FUELED GAS TURBINES 

Industri  a1 Di s t i  11 a t e  
O i l  Turbine Parameter - 

Elec. Gen. D i s t i l l a t e  
Oil Turbine 

I Average U n i t  
Size 

Poi  1 utant  

I 2,238 MW (3,000 HP) 

Emission Mean Upper Bound Emission Mean Upper Bound 
Factor Severity f o r  Mean Factor Severity for  Mean 
(ng/J 1 S Severity Su (ng/J) S Severity 5, 

30 MW 

207 0.8309 - 
HC 3.6 0.0103 
NO, 

co 101 0.0014 . - 
Part  15.5 0.0190 

41.0 0.0360 - 
1.9 0.2320 - SO2 

As 8.94E-4 0.0002 - so3 

0a 6.65E-3 0.0013 
Be 1.35E-3 0.0065 0.0107 
Br 2.24E-4 ~ 0 .  0001 
Cd 1.36E-3 0.0026 0.0052 
cu 6.71E-4 0.0003 
Mg 6.48E-2 0.0010 0.0027 
Mn 1.48E-2 0.0003 0.0005 
Pb 6.89E-3 0.0044 0.0074 
Sn I .  1 OE-2 0.0005 
V 1.25E-3 0.0002 0.0004 

- 
- 

0.0025 

- 
- 

- 

I Average Fuel 
Consumption 

311 0.3158 
7.3 0.0063 
43.8 0.0002 
15.5 ’ 0.0058 
41.0 0.0110 
1.9 0.0704 - 
8.94E-4 <0.0001 
6.65E-3 0.0004 0 0008 
1 .35E-3 0,0020 0.0033. 
2.24E-4 ~0.0001 - 

0.0016 1.36E-3 0.0008 
6.71E-4 <0.0001 
6.48E-2 0.0003 0.0008 
1 -48E-2 <0.0001 0.0002 
6.89E-3 0.0014 0.0023 
1 -1 OE-2 0.0002 
1 -25E-3 <0.0001 0.0001. 

- - - - - 
- 

- 

- 

3.19 x 1014 J/year 4.28 x l O l S  J year 

I Average Stack 
Height 24m 159 rn 

i 1 
I 

Average fuel  consumption for  industr ia l  d i s t i l l a t e  o i l  t u r b i n e  was calculated 
assuming an  average heat r a t e  of 15,400 Btu/KW-hr and a capacity fac tor  of 
100% 
Average fuel consumption f o r  e l e c t r i c i t y  generation d i s t i l t a t e  o i l  t u r b i n e  
was calculated assuming an average heat r a t e  o f  15,400 B t u / K U - h r  and a 
capacity factor  of 100% 
For industr ia l  d i s t i l l a t e  o i l  turbines,  the NO,, HC and CO emission factors  
were based on exis t ing emissions data, t h e  par t icu la te ,  SOz, SO3 and t race  
element emission fac tors  were assumed t o  be t h e  same as  those for  electri- 
c i t y  generation d i s t i l l a t e  o i l  t u rb ines .  
For e l e c t r i c i t y  generation d i s t i l l a t e  o i l  turbines,  the NO,, HC, C O Y  par t i -  
culate ,  SO2 and SO3 emission fac tors  were a l l  based on exis t ing  emissions 
data. Also, t h e  HC and CO emission factors  are composite emission factors ,  
which a re  equal t o  1.58 and 2.18 times the corresponding unweighted emission 
fac tors  at: base Toad conditions. 
fac tors  fair Oa, Be, Cd, Mg, Mn, Pb and V were based on emissions data provided 
by Con Edison, whereas t h e  emission factors  for  As, B r ,  Cu and Sn were obtained 
from t h e  GCA report  (Reference 1). 

Among t h e  t race  elements, the emission 
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4.7.3 - Existinq Emissions Data fo r  Reciprocating Enqines 

The present study classifies internal combustion engines i n t o  the follow- 
ing cafzglories : 

1.4,22,0,0 Electr ic i ty  Generation Internal Cornbustion Distillate Oil 
Reci procati ng Engine 

1.4.30.0.0 Electr ic i ty  Generation Internal Combustion Gas Reciprocating 
Enqi ne 

2.4.22.0.0 Industria7 Internal Combustion Dist i l la te  Oil Reciprocating 
Eng i ne 

2.4.30,O.O Industrial Internal Combustion Gas Reciprocating Engine 

Thle largest  engines i n  the United States are about 13,500 HP (10 MW). The 
average size internal combustion (IC) engine for e lectr ic i ty  generation is 
approximately 2,500 HP (1.9 MW). For the industrial sector, the estimated 
average size of IC engines is 2,000 HP (1-5 MW). a l t h o u g h  the majority of the 
sales for other industrial  uses are below 1,000 HP. Because o f  t h e  consider- 
able overlapping i n  size ranges f o r  e lec t r ic i ty  generation and industrial IC 
engines, the existing emissions data for  these two user sectors will be 

eval uated together, 

hi ssioris Data Sources- 

Foiir primary sources of emissi ons data for  el ectr i  ci t y  generation/ 
industriial IC engines have been identified. 
tabulation of NO,, CO and totaJ hydrocarbon emissions source t e s t  data'supplied 
by engine manufacturers (Reference 6). The McGowin report includes NO,, CO 
and total hydrocarbon emissions data from 7 i terature  sources, engine manufac- 
turers, anld industrial sources o f  f ie ld  data (Reference 1 5 ) .  The Southwest 
Research Iinsti tu te  (SWRI) reports contain NO,, CO and t o t a l  hydrocarbon 
emissionis data from ' t e s t i n g  a t  compressor stations of natural gas pipelines, 
b u t  the em'issions data are  res t r ic ted t o  gas-fueled IC engines (References 7 7  
and 76). In t h e  SWRI study, analyses o f  the emissions data have i nd ica t ed  t h a t  
there i s  no direct  relationship between NO, emissions (the p o l l u t a n t  o f  primary 
interest. for IC engines) and t h e  engine cycle configuration (2 -  o r  4-stroke 

The Acurex report contains a 
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cycl e ) ,  a r  aspi r a t i o n  (natural o r  turbocharged) or rated engine horsepower. 
Therefore, no subgrouping o f  emissions data I S  necessary. 

Electricity Generation/Industrial Reciprocating Engines- 

The emissions data compiled from the Acurex, McGawin, and SWRl reports 
are sumairized i n  Tables 19 and 20*- For the SWRI NO, emissions data f o r  
which accompanyi ng humi d i  t y  data are avai 1 ab1 e , a humi d i  ty  correction factor 
K has been 

K =  

where H is 

alpplied to  the NO, values: 

1 
14,003 ( H  ... 75) 

the humidity i n  grams H20/7b dry a i r  (Reference 11). 

As noted i n  Tables 19 and 20, the emissions data available are limited t o  
NO,, CO, and hydrocarbon emissions. 
data base *is judged t o  be adequate since the variabil i ty ts(z)/i i s  less than  
0.7 for all’ cases. For gas engines, SO, emissions are not  o f  concern and may 
be estimated from t h e  sulfur content o f  natural gas. As discussed i n  the case 
o f  gas-fueled t u r b i n e s ,  particulate, trace elements and POM emissions from gas 
engines should be insignificant.. Also,  particulate emissions from gas engines 
may be assumed t o  b e  equal t o  particulate emissions from gas turbines on an 
emission factor basis, 
base i s  adequate f o r  e l ec t r i c i ty  generation/industrial internal combustion gas 
reci procati ng engi nes - 

For these types of  emissions, the existing 

I t ,  therefore, follows that  the existing emissions data 
- 

For d i s t i l l a t e  o i l  engines, SO, emissions may be estimated from the fuel 
sul fur content. Manufacturers of d i  ese1 engines currently recommend t h a t  users 
burn  only fuels which contain less t h a n  0.5 percent sulfur (Reference 6 ) .  This 
practice is suggested t o  minimize corrosion, b u t  i t  a l s o  results i n  SO, emission 
levels o f  less t h a n  2 g/bhp-hr from most d i s t i l l a t e  o i l  engines, and an average 
SO, emission level of 0.946 b/bhp-hr f o r  these engines (Reference 1). 

For SO3 emissions from disti’ l late oil-fueled reciprocating engines (diesel 
engines) , Hunter and Engel recently reported measurements made by Goksoyr-Ross 

1 * Note tha t  emission factors  f o r  gas and dis t i l la te  o i l  engines are normally 
reported i n  u n i t s  o f  g/bhp-hr. 



TABLE 1 9 .  EXISTING EMISSIONS DATA FOR EL€CTRICITY GENERATION/ 
INDUSTRIAL GAS-FUELED STATIONARY RECIPROCATING 
ENGINES UNDER BASE LOAD CONDITIONS 

Emission Factor, q/bhp-hr Reference CQ HC HP 

- 
Engine Model * 

CB GMV-10 1,350 zs . 69 0.80 3.5 
CB GMbl-8 Z., 050 70.66 0.53 5.6 .- .- Cp CW-Q e nnn 0.37 4.9 L , uuu 1ij.45 

1,500 
I u s  an-- 

13.93 0.53 6.3 
-2,000 

nnn 

0.48 3.6 

0.92 5.4 11 16 r; uuu IU.UI 

23.67 0.75 5.5 CB GMhfC-10 3,400 
CB LSV-16 4,400 
CE I C I I I I L l C  a a n -  - -_  

10.11 7 -31 6.2 
7.4 
4.7 

4,4uu 8.59 4.71 

I 70V-pZ50 3,400 17.22 0.53 

1 L J U ~ I - I U  

-~ 

. . , S "  

CB 
16.26 0.90 4.7 
18.82 n 7.48 3.9 

CB 14V-250 4,800 
CB 16V-250 5,500 
r n  CM~ILLA T nnn - -  - 

15.1 0.3 1.9 I ,uuu 

CB GMVH-8 1,600 

YY U I l V r l - u  

13.42 0.2 1.45 
4.26 CB KSV-12 3,240 12.75 - 

6 

rr D A  a . _-- 8.76 0.97 4.1 
7 0.87 2.90 7.6 

bL Dn-C2 1 ,bUU 

CL BA-8 1,760 
CL HBA-i3T 2,050 4.72 2.23 8-3 
CL TCV-IZ 4,000 

~ _ -  

6.90 2.83 5.5 
1.52 3.8 ? 7 , 1 6  5,500 6.08 CL TCV-116 

10.67 3.58 5.0 CL TCVC-16 8,000 
8.57 2.84 4.3 
8.67 2.20 4.3 

CL TLA-ti 2 , 000 
CL TU- t i  2,100 

8.54 2.78 7.6 

13.25 0.62 7 -3 

CL TU-81 2 , 700 

IR KYG-8 800 ._ 

9.92 0.90 2 .2  
2,000 15.71 0.68 2-8 

IR 616-KVR 5,500 
IR 412-KVS 

11 ,16 
- _ -  

7.17 7 -04 2.8 IR 616-KVT 4,000 

- Continued - 
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TABLE 1 9 (Conti nued 

13.5 15.0 7 .o Unknown 1 arge 
Unknown 1 arge 
Unknown 
Unknown 1 arge 

12.5 7.0 7 -5 
1 arge 7 2.4 10.7 7.5 6 

14.0 16.0 1 .o 
7.8 29.0 - 1.0 Unknown 1 arge 

Unknown 1,600 20.13 0.17 1.58 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 

2,140 
1,940 
5 , 230 

400 
800 
800 

1,000 

2,260 
1,950 
7,610 
7,540 
3,600 
3 , 6% 

7.4 
8.9 

11.8 
7.6 

14.2 
9.4 

16.8 
9.6 

72.1 
9.7 

10.9 
9.1 
7.4 

2.0 

1.7 
6.0 
7.4 
- 

3 -8 
3.0 

1.8 
2.5 

- 
1 .I 

10.1 
4.4  

30.6 

4 .3  
3.2 
4.7 
4-4 .  

15  

2,000 8.5 4.6 5.4 

1,080 15.23 0.29 1.94 

Unknown 

Unknown 
- Unknown 7,350 10.0 - 

Unknown 7,600 4.6 - 
Unknown 400 7.6 - 10.1 

5.0 1 5  

Unknown 2,200 77.9 - 17.0 
- Continued - 
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TABLE 19 (Continued) 

* Emi ssi on Factor, g/ bhp-hr Reference CO HC Engi ne Model w 
,, 

9 Unknown 1,950 14.1 - 
9 - 

15 Unknown 4,000 7 0.4 
Unknown 925 7 5.7 0.9 6.5 
Unknown 750 72.5 7 01 - 

7,170 14.4 1.3 2.5 
Unknown 800 9.7 0.5 16.8 
Unknown 

500 ' 10.2 3.2 0.8 Unknown 
2.0 

7,320 13.0 5.6 7.8 Unknown 
Unknown 800 10.9 - 

15  

Mean 2 ' 
Standard Deviation 

Vari abi 7 .i t y  t s (Z)/Z 
o f  Mean S ( X )  

12-27 

0.55 

0.089 

2.69 - 
0.46 

4.78 

0.44 

0.345 . 0.21 2 

* 
CB - Copper Bessemer 
CL - Dresser Clark 
IR - Ingersoll Rand 
WS - White Superior 

' The mean emission fac tor  f o r  CO was computed af ter  discarding the outlying 
data point 29.0 g CO/bhp-hr using the method o f  Dixon. 
f ac to r  for  hydrocarbons was computed a f t e r  discarding the outlying da ta  
p o i n t  30.6 g HC/bhp-hr u s i n g  the method o f  Dixon. 

The mean emission 

53 



TABLE 20. E X I S T I N G  E M I S S I O N S  DATA FOR E L E C T R I C I T Y  GENERATION/ 
I N D U S T R I A L  0 I E E L - F U E L E D  S T A T 1  ONARY RECIPROCATING 
E N G I N E S  UNDER BASE LOAD CONDITIONS ( R e f e r e n c e  6 )  , 

Emission Factor, g/bhp-hr 
CO HP HC Engine Model * 

EMD 12-645 E93 2,475 
CE UV-12 

Unknown 

. 1-79 0.38 
3 .a5 0.13 

12.57 

4,300 10.99 
7 a r q e  

Unknorwn 
Unknow 
Unknown 
Un known 
I Inbnni.,.. 

rned i urn 
rnedi urn 
med i urn 
rned i urn 
F*e I 

6.60 
4.60 

4.0 
5.5 

7 09 
4.7 

1.6 
1.3 

.~ 

0.60 
0.60 
0-30 

0.20 

70.0 4.3 ri qn <3uu np w i i n i i u r u a i  

Unknown 
EMD 8-645-.E-3 
EMD 7 3  cnr r lL'ULT31 c 

1 a r g e  
7,650 
1,650 

8.2 
12.88 
74.74 

V."" 

1 .o 0.30 
0.93 0.42 
4.14 0-49 - _  . -  

0.37 

Mean x' t 11 -02 2-11 0.40 0.31 0.04 

V a r i a b i l i t y  t s ( z ) / Z  0.1 56 0.310 0.210 

EMD 8-645 E 1,100 77.07 2.20 

Standard Deviation o f  Mean s ( 2 )  0.83 

* END - lE7 ectromoti ve D i  v i  s i  on ( G M )  
CB - Copper-Bessemer 
WS - ldhi te-Suoerior  
The mean emission f a c t o r  f o r  CO was computed a f t e r  d i scard ing  the outlying 
d a t a  p o i n t  8.5 g CO/bhp-hr using t h e  method o f  Dixon, 
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and She1 1-Emeryvi 11 e wet chemical methods (Reference 30).  
nine test conditions indicated an increase of SO3 level w i .  
level. An average o f  2-13 percent of t h e  fuel sulfur was 
verted t o  SO3, w i t h  a calculated var iabi l i ty  ts(z)/.z o f  0 . b -  
t h e  only set o f  data available and only one diesel engine was testeu, ~ 

tional SO3 emissions data are required. 

For other types of pol 7 utants data on parti cul ates parti culate 
sulfate ,  trace elements and organics emissions are not available. The (lack 
of these emissions data leads t o  the conclusion that the existing emissions 
base is  inadequate f o r  e lec t r ic i ty  generation/industrial internal combustion 
d i s t i l  l a t e  o i  7 reciprocating engines. 

Source Severity-- 

Int Tables 21 and 22, the mean emission factors and the mean source 
severity factors of a i r  emissions from gas and d i s t j l l a t e  o i l  engines are 
presented, Of t h e  known emissions, NOx and hydrocarbons have mean source 
severity factors 4 - 0 5 ,  f o r  a l l  four  reciprocating engine categories, indicat- 
i n g  that  these are  the problem pollutants common t o  a l l  reciprocating engines. 
In addition, particulate,  SOx and SO3 emissions from d i s t i l l a t e  o i l  engines 
also have mean suurce severity >0.05, even though these emissfons have been 
previously considered as relatively unimportant .for d i s t i l l a t e  o i l  engines. 
The mean source severity factors f o r  particulate emissions from d i s t i l l a t e  
o i l  engines were calculated u s i n g  the AP-42 emission factor f o r  particulates, 
and the r e l i a b i l i t y  o f  t h i s  AP-42 emission factor i s  unknown. 

Status ( o f  Exis t ing  Emissions Data Base-- 

In summary, the evaluation o f  the adequacy o f  existing emissions data for 
, 
3 reci procati ng engi nes has 1 ed t o  the f o l  1 owi ng conc7 usions : 
I 
I 
I 
I 

The existing emissions data base i s  adequate for  e lec t r ic i ty  
generation/industrial internal cornbusion gas reciprocating engines. 

The existing d a t a  base f o r  N O x ,  HC, CO, and SO2 emissions is 
adequate f o r  e lec t r ic i ty  generation/industrial d i s t i l l a t e  o i l  
reci procati ng engi nes (. The exi  s t i  ng data base for parti CUI ates , 
SQ3, particulate sulfate,  trace elements and organics emissions 
i s  inadequate f o r  these combustion categories. 
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4.2 EMIISSIONS DATA ACqUlSITION . 

4.2.1 Selection of Test Facilities - 
Because gas turbines and reciprocating engines contr ibute  significantly 

t o  the nationwide NO, emissions burden, these combustion categories have been 
identified an major stationary sources of a i r  pollution. 
ex i s t ing  emissions data f o r  these combustion sources, i t  has been determined 
that  the existing emissions data base is adequate for e lec t r ic i ty  generation 
and industrial gas-fueled gas tu rb ines  and reciprocating engines, and inade- 
quate for e lec t r ic i ty  generation and industrial o i l  -fueled gas turbines and 
reciprocating engines. 
base f o r  the oil  fueled internal combustion sources is largely due t o  the 
paucity of data for trace element and organic emissions. The combination o f  
significant a i r  pollution impact and data inadequacy led t o  the decision of 
selecting five t e s t  sites each f o r  e lec t r ic i ty  generation d i s t i l l a t e  , o i l  
turbines anid for e l ec t r i c i ty  generation d i s t i l l a t e  o i l  reciprocating engines 
i n  the f irst  phase, 
gas reciprocating engines, i t  was decided t o  select  one t e s t  s i te  for each 
source category i n  t h e  first phase t o  assure that  previously unidentified 
pollutants are not being emitted i n  environmentally unacceptable quanti t ies.  
Emissions diata obtained from the e l ec t r i c i ty  generation internal combustion 
sources w i l l  be extrapolated f o r  use as estimates of  emissions from the 
industrial internal combustion sources, especially because the size ranges f o r  
the e lec t r ic i ty  generation and industrial  internal combustion sources often 
overlap and the equipment characterist ics a re  similar. 

In the evaluation of 

F u r t h e r ,  t h e  inadequacy o f  t h e  existing emissions data 

For e l e c t r i c i t y  generation gas-fueled gas turbines and 

The choice o f  specific sites was based on the representativeness of  the 
s i t e s  as measured against t h e  important characteristics of  systems w i t h i n  
each source category. As discussed i n  Section 3, candidate t e s t  f ac i l i t i e s  
f o r  e lec t r ic i ty  generation gas and d i s t i l l a t e  o i l  turbines should be i n  the 
15 t o  70 MW size range and l ess  than 8 years o ld .  Also ,  the use o f  fuel add i -  
t ives t o  reduce vis ible  smoke emissions is  quite prevalent f o r  electricity 
generation d i s t i l l a t e  o i l  t u r b i n e s ,  and some tests w i t h  fuel additives shou ld  
be included. For e l ec t r i c i ty  generation gas and d i s t i l l a t e  o i l  reciprocating 
engines, the average s i te  u n i t  has been estimated t o  be 1.9 MW (2,500 HP) , 
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w i t h  an ,average age o f  approximately 10 years. The engine model, rated 
capacity, age, and pollution control method f o r  the eleven t e s t  s i t e s  selected 
are presented i n  Table 23. 
sites selected were a l l  under 8 years old, i n  the 14.5 t o  28 Mw size range, 
and manufactured by Turbo Power and Marine Systems, pne o f  the three major 
manuffacturers o f  u t i l i t y  gas turbines.  
o i  1 turbines selected used CI-2 (methyl cyclopentadienyl manganese tricarbonyl ) 'f 
a conmon organic manganese fuel additive. 
engines, the f ive t e s t  sites selected a l l  have electr ic i ty  generation capacity 
o f  2.5  MW,  were either I year o l d  o r  8 years old,  and a l l  were manufactured by 

the Electromotive Division o f  General Motors, the principal manufacturer o f  

For gas and d i s t i l l a t e  o i l  turbines, the six  test 

In addition, three o f  the d i s t i l l a t e  

For d i s t i l l a t e  o i l  reciprocating 

uti1 i t y  diesel engines. An e lec t r i c i ty  generation gas reciprocating engine 
t e s t  s i t e ,  however, could n o t  be located d u r i n g  the course o f  this program. 
T h i s  i s  considered t o  have m i n i m u m  impact because the existing emissions data 
base for- this combustion source category has been judged t o  be adequate. 

4 . 2 . 2 ,  Field Tes t inq  

Fi e7 d t e s t i  ng procedures were based on Level I environmental assessment 
methods. 
particulate, organic and trace metal samples. The SASS train (Figure 3 )  ' i s  
a h i g h  volume (approximately 5 scfm) system designed t o  extract particulates 
and gases from the stack, separate particulates i n t o  four  size fractions, t r a p  
organi'cs i n  an adsorbent, and collect  volatil-e trace metals i n  l i q u i d  solu- 
t ions .  
trace material s for subsequent laboratory analyses, 
such that  a l l  sample contacting surfaces are o f  Type 316 stainless s teel ,  tef- 
Ion o r  glass. 

The Source Assessment Sampling System (SASS) was used t o  collect 

A h i g h  volume system i s  required t o  collect adequate quantities of 
The t r a i n  i s  constructed 

The internal combustion t e s t s  were carried o u t  w i t h o u t  the cyclones i n  
the SASS t r a i n  due t o  t h e  low concentrations o f  particulates and their  
characterist ic small par t ic le  diameters. The particulates were collected on 

Spectrograde(R) glass f iber  f i l t e r s  i n  t h e  heated oven. 
was then cooled and t h e  organic material collected by adsorp t ion  on XAD-2 

The sample streani 
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(a styrene, divinylbenzene copolymer). 
impinger containing hydrogen peroxide t o  collect  oxidizable constituents. 
A second fmpinger w l t h  amnonium persulfate and s f?ver .nf t ra te  and a t h t d  
impinger w i t h  ammonium persulfate were used t o  collect volati l  e trace 
elements. A t  the time of testing, these were the methods outlined i n  the 
manual. The methods have since been changed requiring silver ni t ra te  also 
i n  the t h i r d  impinger. A fou r th  irnpinger containing s i l i c a  gel was used t o  
remove the remaining moisture. 

The gas then passed through an 

A flue gas sample was collected for  on-site analyses using a stainless 
stee7 probe, condenser, diaphragm pump and gas sampl ing bags. 
the bag was injected i n t o  t h e  gas chromatrograph through a heated gas sampling 
valve. 
compared against a known series o f  C1-Cg standards for qualitative and quanti- 
tative analysis. 

Low molecular weight  hydrocarbons were measured' i n  the f ie ld  using a 

The gas i n  

The resulting peaks were measured for retention times and areas and 

flame ionization detector gas chromatograph. The sample gas was compared to  , 

C1-Cg N-alkanes. 
t i v i t y  detector gas chromatograph. 
ca7 i b r a t i  on. 

COZY 02¶ N2 and CO were measured us ing  a thermal conduc- 
Standard mixes o f  the gases were used fo r  

Samples o f  the flue gas were obtained a t  a single traverse point approxi- 
mating the average flow r a t e  o f  the f lue  gas, as determined by a m u l t i - p o i n t  
traverse. 
sample volume o f  30 cubic meters o r  greater. 

Sample time was from 4 t o  6 hours a s  required t o  obtain a t o t a l  

Smoke spot  numbers were determined us ing  a Bachrach Smoke Spot Tester. 
Visible emissions (percent opacity) were determined by a trained observer. 

Mater, so l id  waste and fuel samples were collected according t o  Level I 
SASS procedures. 
specified i n  the procedures manual. 

Limited water analyses were carried o u t  i n  the f ie ld  as 

Sample recovery was carried o u t  i n  a clean environment acccrding t o  
Level I procedures. A1 1 sample containers were pre-cl eaned and hand1 ed 
according t o  the Level I specifications- 

I 
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Field tests were conducted a t  eleven internal combustion units i n  the 
f i rs t  phase, Seven o f  t h e  u n i t s  had Sampling ports located i n  the stack, 
The other fou r  u n i t s  were tested by use of a 3-foOt SASS probe f i t t ed  w i t h  a 
vert-ical nozzle adaptor. The SASS probe was positioned approximately s ix  
inches above the stack a t  a p o i n t  where the vertical adaptor sampled down 
i n t o  t h i s  stack a t  a traverse point of average stack velocity. 
o u t  af an internaf combustion u n i t  i s  shown i n  Figure 4, 

A typical lay- 

Test resu l t s  from the first phase were evaluated t o  determine the need 
f o r  and type o f  additional sampling and analysis. These evaluations led t o  
the recomendatTon o f  additional t e s t s  t o  determine SO3 and organic emissions 
from 1.1 ectr i  c i  t y  generation di st i  7 7 a t e  o i  1 reci procating engines . Level I I 
t e s t s  were subsequently conducted a t  three of the diesel engine s i tes  {Sites 
309, 312, 313) previously tested. 
312-2 and 313-2. 

These were identified as Sites 309-2, 

At each of the Level I1 sites, the Goksoyr-Ross controlled condensation 
train was used f o r  the measurement of oxidized sulfur emissions. 
approach, SO3 i s  separated from t h e  gas stream by coolinq the flue gas below 
the dew poin t  for SO3 (H2S04) b u t  above the dew p o i n t  of water. Particulate 
matter (iricluding metal7ic sulfates)  is removed by means o f  a heated quartz 
g lass  f i l t e r  i n  a f i l t e r  holder kept above 260oC (500OF). 
coil for SO3 (H2S04) co’llection is maintained a t  60°C (14OOF) by a water 
circulation bath. 
schematic diagram of the controlled condensation t r a i n  i s  shown i n  -Figure 5. 

In this 

A condensation 

The  SO2 i s  removed i n  impingers f i l l ed  w i t h  H202. A 

Level I1 organic samples were acquired u s i n g  the SASS train w i t h o u t  
O the r  changes made included the a d d i t i o n  o f  acetone i n  the organic cyclonels. 

sample recovery washes and the omission o f  isopropyl alcohol from the 
i inpinger recovery washes. 

4.2.3 !Laboratory Analysis Procedures 

The fo71 owing sections present a detai 1 ed summary o f  the ramp1 e prepara- 
t i o n  and b o t h  inorganic and organic  analysis procedures used f o r  t h i s  p a r t  of 
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the program, An exact written procedure for each disbursement and analytical 
operation i s  given i n  the program Yethods and Procedures Manual (Reference 31) 
which  has been published separately. 

Inorganic Laboratory Analysis- 

Level I fnorganic analysis consisted of a Spark 'Source Mass Spectrometric 
( S S V S )  el mental survey along w i t h  specific analyses f o r  mercury, arsenic, 
antimony, and sulfate. 
ride were also performed on selected samples. The analytical scheme followed 
i s  shown i n  Figure 6. 

Additional analyses f o r  ni t ra te  , f l u o r i d e  , and chlo- 

8 0 t h  liquid and s o l i d  samples were received i n  the laboratory for analy- 
Aqueous liquids required only minor preparations which are  described i n  

Organic materials, b o t h  liquid and 

sis .  
each analytical procedure (Reference 31). 
solid,  were combusted in a Parr oxygen bomb t o  destroy the organic matrix. 
Solids that: were primarily Inorganic ( w i t h  the exception of glass fiber par- 
ticu7ate f i l t e r s )  were analyzed direct ly  by SSMS, but,were digested w i t h  aqua 
regia for the other individual analyses. Particulate f i l t e r s  generally were 
acid digested f o r  the SSMS analysis as well, because o f  the cohesion and 
sparking problems tha t  are  associated w i t h  having glass f i l t e r s  i n  the graphite 
electrodes. 
for SSNS neat, and t h i s  was done whenever possible, 
n i t r a t e  analysis were prepared by extraction w i t h  hot water. 
ex t r ac t  solutions were a l s o  the preferred sample f o r  sulfate ana lys i s .  

I t  is s t i l l  preferable, however, t o  run a l l  particulate samples 
Samples f o r  chloride and 

These hot water 

The prepared samples were aliquoted and disbursed by the Sample Bank 
Panager. Mercury was analyzed by a cold vapor  technique and b o t h  arsenic and 
antimony were determined by hydride generation and Atomic Absorption Spectro- 
metry (AAS) detection, 
and ni t ra te  was measured colorimetrically a f t e r  reaction w i t h  brucine. 
ion electrodes were used t o  analyze b o t h  fluoride and chloride. 
are described further i n  the fo7 lowing paragraphs - 

The sul f a t e  determination was a turbidimetric procedure 

These analyses 
Specific 

Spark Sloupce Mass Spectrometry (SSMS) -- SSMS analysis was used t o  
p e r f o r m  a saniquantitative elemental survey analysis on the Leve l  I samples 
taken- 
Model JMS-0113M-2 Mass Spectrometer. The JMS-O7BM-2 is a h i g h  resolution, 

The analysis was performed u s i n g  a JEOL Analytical Instruments, Inc. 
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double focusing mass spectrometer w i t h  Mattauch-Hertog ion optics. The 
instrumerrt is specialty designed t o  carry out h i g h  sensit ivity trace element 
analysis with t h e  a id  o f  an RF spark ion source and photoplate detection. An 
aliquot a f  each sample t o  be analyzed i s  incorporated intc  two electrodes 
which are then mounted i n  the i on  source of the mass 'spectrometer. These 
electrodes are  "sparked" w i t h  a high voltage discharge w h i c h  decomposes and 
ionizes the electrode material. 
discharge, most of the material is reduced t o  its elemental form. The ions 
formed are collected - w i t h  focusing plates and subsequently measured i n  the 
mass spectrometer. 
mental concentrations down t o  'lo-' g(one nanogram). 
may vary somewhat from sample t o  sample, practically a l l  elements (except H ,  
C, N, 0,  and  the iner t  gases) i n  the periodic tabledcan be detected. 

Because of t h e  h i g h  energy of the electrical  

Spark source mass spectrometry can be used t o  detect ele- 
A 1  though the sensit ivity 

Interferences can result from the formation o f  mu7 t i p 1  e charged i o n s ,  
i o n  clusters and molecular ions  such as oxides, hydrides, hydroxides, and 
carbides. 
d i t i o n s  i n  the i o n  source are  n o t  easily reproduced, l i m i t  the accuracy o f  the 
technique. Spark source mass spectrometry, however, is very useful as a 
survey tool  , and is capable o f  prov id ing  semiquantitative results (i .e., 
accurate t o  w i t h i n  a factor  o f  2 o r  3 ) .  

These interferences, cpupled w i t h  ' t h e  fac t  that  the discharge con- 

- Mercury - Cold Vapor -- The co ld  vapor mercury a n a l y s i s  i s  basedxon the 
reduction o f  mercury species i n  acid s o l u t i o n  w i t h  stannous chloride and the 
subsequent spa rg ing  of elemental mercury, w i t h  nitrogen , t h rough  a quartz ce l l  
where i ts  a b s o r p t i o n  a t  253.7 nm is monitored. 

Arsenic - Hydride E v o l u t i o n  -- The procedure entails  the reduction and 
conversion of arsenic t o  its hydride i n  acid solution w i t h  ei ther stannous 
chloride arid metallic zinc o r  sodium borohydride (MaBH4). 
hydride i s  swept from the reaction vessel, i n  a stream o f  argon, i n t o  an 
argon-hydrogen flame i n  an atomic absorp t ion  spectrometer. 
i s  decomposed and i ts  concentration monitored a t  the resonance wave1 e n g t h  
793 .7  nm. 
t h i s  arsenic procedure. 
"peroxide and n i t r i c  acid must be removed p r i o r  t o  t h e  addition o f  efther the 
zinc slurry or sodium borohydride used t o  generate the arsenic hydride. 

The volati le 

There, the hydride 

Some interferences w i t h  the Level  I samples have been reported f o r  
In particular, i t  has been found t h a t  excess hydrogen 



,- 

Antimony - Hydride Evolution -- Antimony-contai n i  ng compounds are de- 
cornpo~sed by adding sulfuric and n i t r i c  acids  and evaporating the samp’le t o  
fumes off sulfur trioxide. The antimony liberated is subsequently reacted 
w i t h  potassium iodide  and stannous chloride and f inal ly  w i t h  sodium borohydride 
t o  f o n  stibine (SbH3) . 
swept by a flow o f  nitrogen fnto a hydrogen d i f f u s i o n  flame i n  an atomic 
aboorptfon spectrometer. 
Interferences i n  t h e  flame are minimized because the s t ibine is freed from 
the original sample matrix. 

The stibine is removed from sol u t fon  by aeration and 

The gas sample absorption is measured a t  217.6 nm. 

Sulfate - Turbidimetric 0- The basis o f  the analysis is  the formation of 
a barium sulfate precipitate i n  a hydrochloric acid medium w i t h  barium chloride 
i n  such a manner as t o  form barium sulfate  crystals o f  uni form size. The 
absorbance o f  the barium sulfate  suspension was measured by a transmission 
photometer and the sulfate  ion concentration determined by comparison o f  the 
reading w i t h  a standard curve. 

Nitrate - Brucine Colorimetric -- Nitrate analysis was performed on hot  
water extracts o f  particulate samples from selected s i t e s  us ing  the standard 
brucine ni t ra te  colorimetric procedure. 
brucine sulfate produces a yellow color which can be used f o r  the colorimetric 
estimation o f  n i t r a t e .  
each sample aliquot t o  b e  analyzed, sodium chloride and sulfuric acid solutions 
are f i r s t  added. 
absorbance i s  measured for a blank correction. The brucine-sulfanilic acid 
reagent is then added and the samples a re  kept i n  a b a t h  o f  b o i l i n g  water f o r  
20 minutes. They are  then cooled and the i r  absorbance measured. 

The reaction between ni t ra te  and 

The intensity o f  the color is measured a t  410 mu. To 

If any color o r  t u r b i d i t y  are present a t  this p o i n t ,  the 

- F l  ueri de - Speci f i  c Ion El ectrode -- Ff uori de was determi ned potenti o- 
metrically u s i n g  a selective i o n  fluoride electrode i n  conuunction w i t h  a 
standard si ng1 e j u n c t i o n  s 1 ewe- type reference’ e? ectrode and a pt! meter havi ng 
an expanded mill ivolt  scale. 
ca t ions  o f  S i c 4 ,  Fe’3, and  A l + 3  interfere by f o r m i n g  complexes w i t h  fluoride. 
The a d d i t i o n  o f  a pH 5 total  ionic strength a d j u s t o r  buffer ( T I S A G  11) con- 
t a i r i i n lg  a strong, chelating agent preferentially complexes a l u m i n u m  (the most  

common interference), s i l i con ,  and i r o n  and eliminates the pH problem. 

Sample pH was between 5 and 9 .  Polyvalent 
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The addition o t  TISAB I1 also provides a h i g h  total  ionic strength 
background t o  help mask the difference i n  total  ionic strengths between samples 
and standardsm 
difference due t o  t h e  very h i g h  and variable level of ionic s t rength i n  the 
Level I $ASS samples. 
the necessity o f  drawing different calibration curves for  different types of 
sampl es 

However, t h e  TISAB I1 cannot entirely compensate f o r  this 

Thus a known addition technique .is employed t o  eliminate 

Chloride - Specific Ion Electrode -- Chloride was determined potentio- 
metrically us ing  a sol i d  s t a t e  selective ion chloride electrode i n  conjunction 
w i t h  a double junction reference electrode and a pH meter having an expanded 
mil l ival t  scale. The s o l i d  s t a t e  electrode is  used because i t  is  n o t  sensi- 
tive t o  the higher levels o f  ni t ra te ,  sulfate  o r  bicarbonate which could be 
present i n  many o f  the samples. 
standards have the same total ionic strength. A known addition technique is 
employed t o  eliminate the necessity of drawing different cal i b r a t i o n  curves 
f o r  different types o f  samples because samples can have a very h i g h  and 
variable level total ionic strength. 

T h i s  method does require that the sample and 

Detect i on L i  m i  ts -- 
The determination o f  a system's detection limits for different chemical 

species must  include a discussion of  three interrelated items. The first  item 
is the determination of the analytical detection limit f o r  each species as 
l i s ted  i n  the f i r s t  part o f  Table 24, The second item i s  the determinatian of 

the species lquantities needed i n  each type of SASS sample (particulate f i l t e r s ,  
XAD-2 module, impingers, etc.  ) t o  meet these analytical detection 1 i m i  ts .  The 
analytical dietection 1 i m i  t s  together w i t h  the average vol ume, weight, o r  
amount o f  t h e  collected sample w i l l  yield th rough  calculation the species 
quantity needed i n  each o f  the SASS t r a i n  components i n  order t o  be detectable. 
T h i s  data when divided by the average volume of gas sampled, 30 m3, yields the 

T h i s  d a t a  appears 
i n  the  second section o f  Table 24. 
detectable species concentration i n  the gas stream (pg/m 3 ) .  
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The t h i r d  item, shown i n  the las t  section of Table 24, is the deter- 
mination o f  the species concentrations needed i n  the fuel t o  meet these gas 
stream detectabl e concentration val ues. This i s derived by mu1 ti plyi ng the 
volume o f  gas created by t h e  combustion of one gram o f  fuel and the gas 
stream concentration values. 
i n  t h e  fuel required t o  produce detectable species quantities i n  the gas 
stream. 
equatim iInd the stack emission f o n u l a  (Appendix C )  g iven  below. 

This yields (in ppm) the species concentrations 

The volume o f  gas per gram of fuel is obtained by using the Nernst 

F = "' 1 - 4.762 (k 
100 

where: 

= gram-moles of dry effluentigram o f  fuel 

combustion (Appendix C )  

"FG 
F = gm-moles of dry effluent/gram of fuel under stoichiometric 

O2 = volumetric 02 concentratfon, i n  percent, as determined from 
f ie ld  gas analysis. 

The value 'InFFG" is  t h e n  used i n  the Nernst equation t o  yield the volume of gas 
per gram 0-F fuel, assuming 1 am. and ZO'C. 

The values obtained for SASS t ra in  detection 7 i m i  ts and corresponding 
fuel concentration levels necessary t o  meet these limits will  vary f o r  each 
s i t e  approximately 2 one order of magnitude. 
va r i a t ions  i n  f ie ld  sample l i q u i d  and s o l i d  volumes and weights, and exit  gas 
oxygen cont:ent. 

T h i s  fluctuation i s  due t o  

Level I Organi c Ana 1 ys i s Methodol oqy- 

An overview o f  the sources o f  the samples and the appropriate Combinations 
of the samples f o r  analysis is shown i n  Figure 7. 
methodology and decision c r i t e r i a  used f o r  t h e  Level I organic sample prepara- 
t i o n  and analysis is shown i n  Figure 8, 

The overview of the 
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AS i n d i c a t e d  i n  t h e s e  two f i g u r e s ,  t h e  e x t e n t  o f  sample p repa ra t ion  
r e q u i r e d  v a r i e d  w i t h  sample  type.  Organic  l i q u i d s  d id  n o t  need pre t rea tment ,  
The majority of the sampl es I i nc l  udi ng SASS t ra i  n components, .aqueous sol u- 
t i o n s ,  bottom ashes, and o t h e r  sol i d s  r e q u i r e d  an  i n i t i a l  s o l v e n t  e x t r a c t i o n  
t o  s e p a r a t e  t h e  o r g a n i c  and i n o r g a n i c  p o r t i o n s  o f  the samples  before t h e  
analyses; could be cont inued .  

Both the extracts and the n e a t  o r g a n i c  ' l i q u i d s  were concen t r a t ed  i n  a 
Kuderna-Danish e v a p o r a t o r  t o  a 1 0  ml volume. Two 1 m l  a l i q u o t s  were t h e n  
t aken  from each c o n c e n t r a t e  f o r  the f o l l o w i n g  ana lyses :  

8 Tota l  chromatographabl  e o r g a n i c  material (GC-TCO) and, should Level I I 
e f T o r t s  have  been required, GC/MS analysis. 

e Grav ime t r i c  d e t e r m i n a t i o n  of n o n - v o l a t i l e  o r g a n i c  material and an 
i n f r a r e d  a n a l y s i s  on t h e  residue from the - g r a v i m e t r i c  de te rmina t ion ,  

The d a t a  provided  by performing the TCO and the g r a v i m e t r i c  ana lyses  were 
used t o  make t h e  d e c i s i o n  as t o  t h e  a n a l y s i s .  p a t h  t d  be fol lowed f o r  a l l  o t h e r  
d e t e r m i n a t i o n s ,  
b u l k  amount o f  s e m i - v o l a t i l e  o r g a n i c  material i n  the b o i l i n g  range  o f  the C7 
t o  C16 a l k a n e s  -- 90°C t o  300°C. 
results on the amount o f  n o n - v o l a t i l e  o r g a n i c s  i n  the sample. These two 
v a l u e s  combined g i v e  an  estimate o f  t h e  to ta l  o r g a n i c  c o n t e n t  o f  the sample. 

The TCO a n a l y s i s  provided q u a n t i t a t i v e  in fo rma t ion  on the 

The g r a v i m e t r i c  a n a l y s i s  provided q u a n t i t a t i v e  

Whenever the t o t a l  o r g a n i c  c o n t e n t  o f  the sample was e q u i v a l e n t  t o  a s t a c k  
c o n c e n t r a t i o n  o f  500 u9/m3 o r  less,  the o r g a n i c  a n a l y s i s  was terminated.  
ever the value was greater t h a n  500 pg/m stack c o n c e n t r a t i o n ,  the d i r e c t i o n  
of  the a n a l y s e s  depended on the TCO results. 

When- 
3 

If the TCO was less t h a n  10% o f  the t o t a l  o r g a n i c  m a t e r i a l  , the analy-  
t i ca l  pat-hway l a b e l e d  "Method 2" i n  F igure  8 was fol lowed.  
sample a7 i q u o t  was t a k e n  f o r  7 i q u i d  chromatographic  f r a c t i o n a t i o n ,  evaporated 
t o  d r y n e s s  and t r a n s f e r r e d  t o  an LC column. Each separated f r a c t i o n  was sub- 
s e q u e n t l y  subjected t o  g r a v i m e t r i c  and i n f r a r e d  a n a l y s e s .  I f  the TCO was 
g rea t e r .  t h a n  10% o f  the to t a l  o r g a n i c s ,  an a l i q u o t  f o r  LC was prepared by 
s o l v e n t  exchange t o  p r e s e r v e  t h e  vo la t i le  species, 
dure,  each f r ac t ion  separated s t i l l  underwent g r a v i m e t r i c  and i n f r a r e d  ana lyses ;  
however, i n  a d d i t i o n ,  t h e  first seven LC f r a c t i o n s  were first analyzed f o r  TCO. 

A sui tably sized 

In t h i s  "Method 1 "  proce- 
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The GC-TCO analysis has been used t o  obta in  information on the quantity 
of materra1 boiling within discrete ranges corresponding t o  the boi l ing  poin ts  
o f  the n-alkanes C, t h r o u g h  C16 as well as on the total  amount of materia7 i n  
the overal l  n-alkane b o i l i n g  range, Materials were classified solely on the 
basis o f  their retention time relative t o  the n-alkarie, and were quantitated 
as  n-a4 kanes. T h i s  means any compounds containing oxygen, ni t rogen,  sulfur o r  
halogens lwould a lso be reported as alkanes. 

The infrared analyses provided information on the major functional groups 
(i.e., chemical compound classes) present in a sample. 
GC-TCO and IR analyses interrelated: 
lysis  were too vo la t i le  t o  remain f o r  IR analysis, and many compounds detected 
in the IR analysis had too low a vo’latility t o  be detected by the GC-TCO 
procedure. 
t i o n s  complemented t h e  IR analyses o f  these samples, 

Data obta ined  by the 
many compounds detected i n  the GC ana- 

In a similar manner, the results of GC analyses o f  the LC frac- 

The remaining paragraphs of this section briefly. descri be the analytical 
techniques used i n  conducting the Level I organic analysis. 

Extraction o f  Samples f o r  Organics- 

- Ext rac t ion  o f  aqueous samples for orqanics -- Typical liquid samples t h a t  
have been (generated i n  this  program include aqueous condensates , sett l ing pond 
sampl es 
w i t h  standard separatory f u n n e l s .  

arid ambient water samples, These 1 i q u i d  extractions were performed 
The sample volume was measured and the 

sample was transferred t o  the separatory funnel. 
of the sample was adjusted t o  neutral w i t h  ei ther a saturated so lu t ion  of 
sodium bicarbonate o r  ammonium chloride. 
w i t h  a volume of high-purity methylene chloride equal t o  approximately 5 per- 
cent o f  the sample volume. 
anhydrous sod’lum sulfate,  and t h e n  concentrated t o  10 m l .  

Whenever necessary, the pH 

The sample was extracted three times 

The resulting extract was measured, dried w i t h  

Ext rac t ion  of solid samples f o r  organics -- Typical solid samples that . 

have been generated i n  t h i s  program include cyclone catches, particulate 
f i l t e r s ,  XAD-2 resin samples, bottom ashes, and electrostatic precipitator 
d u s t s .  
tors. 

These extractions were performed i n  appropriately sized Soxhlet extrac- 
Each sample was placed o r  weighed i n t o  a glass thimble and extracted 
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f o r  24 hours w i t h  Disti77ed-in-&lass(R) o r  Nanograde(R) pu r i ty  methylene chlo- 
ride. The r e s u l t i n g  e x t r a c t s  were then  concentrated. 

Conlcentration o f  orqanic e x t r a c t s  -- Solvent e x t r a c t s  o f  s o l i d  and l iqu id  - 
samples and so lven t  rinses o f  sampl ing hardware were concentrated i n  Kuderna- 
Danish evaporators, 
the solvents.  All samples were concentrated t o  a volume between 5 ml and 
10 m7 and then, when cool , t ransfer red  t o  a volumetric f l a s k  and d i lu ted  t o  a 
f i n a l  vo'lurne of 70 m l .  

Heat provided by a steam bath was sufficient t o  v o l a t i l i z e  

Gravimetric determinations f o r  orqanics -- The we igh t  o f  non-volati le 
organic species i n  samples f o r  Level I organic analyses was determined on the 
concentrates  obtained from the Kuderna-Dani sh concentrations o f  so1 v e n t  ex t r ac t  
and rinse samples. 
( f o r  LC f r a c t i o n s )  o r  tared aluminum weighing d i s h e s ,  
evaporated a t  ambient temperature t o  a constant  weight .  
always s tored  i n  a desiccator .  
were measured, 

- 

The samples were t ransfer red  t o  e i t h e r  small g lass  beakers 
The samples were then 

The dry samples were 
Weights o f  organic residues a s  small as  0.1 mg 

- Infrared ana lys i s  -- Inf ra red  ana lys i s  was used t o  determine the function- 
a1 groups, present i n  an organic  sampletor LC f r ac t ion  of a par t i t ioned  sample. 
The in t e rp re t ed  spec t ra  provide information on func t iona l i t y  (e.g., carbonyl, 
aromatic hydrocarbon, a lcohol ,  amine, a l i p h a t i c  hydrocarbon, halogenated 
organic,  etc. ). 
is known t o  be  present  a s  a dominant cons t i tuent  i n  the sample. 

Compound i d e n t i f i c a t i o n  is  possible  only when t h a t  compound 
.I 

The minimum sample amount required f o r  this ana lys i s  has been 0.5 mg. 

compound must  be present i n  t h e  sample a t  5%-10% ( w / w )  a t  l e a s t  f o r  the charac- 
t e r i s t i c  functional groups o f  a compound t o  appear suff ic ient ly  s t rong f o r  
i n t e r p r e t i v e  purposes. 
cause interferences, 
( i - e , ,  r e so lu t ion  o f  a spectrum, s e n s i t i v i t y )  of the ana lys i s ,  

A 

Organic so lvents ,  water and some inorganic mater ia ls  
Water, i n  p a r t i c u l a r ,  can cause a decrease i n  the qua l i ty  

The i n f t i a l  organic sample o r  LC f r a c t i o n ,  a f t e r  evaporation, was e i t h e r  
(1) taken up i n  a small amount o f  carbon tetrachloride o r  methylene c h l o r i d e  
and t ransfer red  t o  a NaCl window, o r  ( 2 )  mixed w i t h  powdered KBr, ground t o  a 
f ine consistency, and t h e n  pressed i n t o  a pellet ,  A gra t ing  IR spectrophoto- 
meter was lised t o  scan the sample i n  t h e  IR region from 2.5 t o  15 microns, 
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C7-C16 total chromatographable Organic material analysis -- Gas chromato- 
graphy i s  used t o  determine the quantity of hxer boifing hydrocarbons (boiling 
points between 90°C and 3OO0C) i n  the concentrates of a71 neat organic l i qu ids ,  
organic extracts  and LC f rac t ions  1 through 7 (when LC Method 1 is used) 
encountered i n  Level I environmental sample analysis. 'Data were used t o  first 
determine the to ta l  quantity o f  t h e  lower boiling hydrocarbons i n  the sample. 

results were reported a s  quant i t ies  f n  each o f  the C7-CI6 boiling point ranges 
rather  than as a t o t a l .  

- -- 

Whenever the t o t a l  o f  C,-C,6 hydrocarbons exceeded 75 ~ g m  3 , the chromatographic 

The extent o f  compound ident i f icat ion is  limited t o  representing a71 
materials as  normal alkanes based upon comparison o f  boiling points. A l s o ,  
the ana7ysis is semiquantitative because cal ibrat ions a re  prepared using only 
one hydrocairban, n-decane. The differences i n  instrument response, or sensi- 
t i v i t y ,  t o  other alkanes a re  well w i t h i n  t h e  desired accuracy limits f o r  Level 
I analysis and a re  not taken in to  consideration i n  data interpretation, 

Liquid  chromatographic separations 0- This  procedure i s desi gned t o  g i v e  
a separation o f  a sample in to  eight  reasonably d is t inc t  cJasses o f  compounds 
and i s  applied t o  Level I analyses o f  SASS t r a i n  samples w h i c h  contain a m i n i -  
mum o f  15 rng o f  non-volatile organics. Sample weights frsm bulk  l i q u i d s  and 
so l ids  were eva7uated on a case-by-case basis. A sample weighing from 9 'mg t o  
100 rng was placed on a s i l i c a  geJ l i q u i d  chromatographic column. 
e i g h t  eluents were employed t o  separate the sample i n t o  nominally eight 
d i s t i n c t  classes o f  compounds f o r  further analyses. 

A series o f  
- 

The use o f  HC1 i n  the f ina l  eluent results i n  a par t ia l  degradation o f  

the column material, Thus, the e i g h t h  f ract ion has si ' l ica contaminants present 
i n  variable amounts. F i l t r a t ion  was attempted t o  separate s i l i c a  gel from the 
organics, but: s i l i c a  was s t i l l  often observed, par t icular ly  i n  infrared spectra. 

As indicated i n  Figure 8, two d is t inc t  analytical  procedures can be used 
i n  the performance o f  LC f ract ionat ions and subsequent analyses. The selection 
o f  the pathway "Method 1" o r  "Method 2" was based on the results of gravimetr ic  
and TCO determinations on t h e  concentrated organic sample. For a LC separat ion 
t o  be  required, the to t a l  organic content o f  the t o t a l ,  original sample must  
exceed 500 ug/m 3 Method 2 is used whenever the volati7e hydrocarbon content 
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determined by t h e  TCO analysis i s  l o w  -- less than 10% of the total .  
i s  used whenever the volat i le  material content i s  i n  excess o f  70% of  the 

Method 1 

to ta l .  

The first difference between Method 1 and Method 2 is  i n  t h e  method of 
preparing the sample f o r  introduct ion onto t h e  LC c.olurnn. 
there are few volat i le  substances, a simple, direct so lvent  evaporation step 
i s  sufficient. 
bo i l i ng  components through the LC separation and subsequent analyses. There- 
fore, a solvent exchange step has been incorporated t o  transfer the sample 
from methylene chloride t o  t h e  non-polar solvent hexane. 

I n  Method 2, where 

I n  Method 7 ,  however, care must  be taken t o  preserve the lower 

In addi t ion ,  when- 
ever Method 1 was used, a TCO analysis was performed on the first seven 
fractioris f o r  information on the mass and types o f  volati le compounds present 
i n  each fraction. 
lyses which were performed on a77 fractions. 

These data supplemented t h e  gravimetric and infrared ana- 

- LOW resolution mass spectrometric ana lys i s  -- T h i s  procedure is a survey 
analysis used t o  determine compound types i n  an organic sample o r  i n  an LC 
fraction1 o f  a sample. The analyst is specifically searching for hazardous 
compounds o r  compounds which may be generally considered toxic, e.g., aromatic 
hydrocarbons and chlorinated organics. Analysis u s i n g  different sample ionizing 
parameters results i n  molecular weight da ta ,  which, combined w i t h  IR and sample 
source da ta ,  can provide specific compound identifications on a "most probable" 
basi so 

The mass spectrometer (MS) used i n  this procedure has sufficient'sensi- 
t i v i t y  such that  1 nanogram o r  less presented t o  the ionizing chamber results 
i n  a f u l l  spectrum w i t h  a signal r a t i o  o f  1 0 t l .  A dynamic range o f  250,000 
i s  achievable, The detection limit f o r  a specific compound related t o  the size 
o f  an a i r  sample o r  l i q u i d  sample varies widely depending on the types and 
quant i t ies  o f  t h e  species i n  the mixture, 
effects i n  t h e  spectrum caused by multiple compounds. 
ference i s  reduced by lowering the i o n i z a t i o n  voltage t o  produce spectra 
containing relatively more intense molecular ions. 

This i s  because o f  interfering 
The impact o f  this inter- 

S o l i d  samples are  placed i n  a sample cup o r  capfllary f o r  introduction 
via the direct insertion probe. More volati le samples are weighed i n t o  a 
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cuvette for introduct ion through a batch o r  liquid in le t  system. The probe 
o r  cuvette! is temperature programed from ambient temperature t o  30OoC. 
Periodic PIS scans are  taken w i t h  a 70 eV ionizing voltage as t h e  sample is 
volatiTize!d during the program. A lower ionizing voltage range (10-15 eV) 
can be used a t  the discretion of t h e  operator if t h e  70 eV data are complex. 
Spectra are interpreted using reference compound spectral 1 ibraries,  IR data, 
and other chemical information available on the sample. The results o f  LRMS 
analysis g ive  quali tative information on compound types , homalogous series 
and, i n  soime cases, identification of  specific compounds. 
then used t o  assess the hazardous nature of the sample. 

T h i s  information i s  

Polyc,ycIic organic compound analysis by qas chromatographylmass 
spectrometE -- T h i s  is a combined gas chromatography/mass spectrometry 
(GC/MS) method f o r  qual i ta t ive and quantitative polycyclic organic material 
(POM) determinations. 
derived from the sampling ac t iv i ty  are used for this analysis. 

Micro1 i t e r  quantities of  concentrated sample extracts 

Micro11 i ter sized samples are  injected onto a gas chromatographic column 

As the components elute from 
and are separated by t h e  differences i n  the retention characteristics between 
the sample components and t h e  column material. 
the column,, they are transported via an instrument interface t o  the mass 
spectrometer (MS), which is being operated i n  a Total Ion Monitoring (TIM) 
mode. 

> 

In  the MS, the various compounds are ionized, and a17 ion fragments i n  filG 
U 

the mass range o f  40 t o  400 AMU are monitored. 
stored by the computerized data system. 
detectable quanti t i e s  could be  identified, including aromatic compounds con- 
taining heteroatoms, depending upon the desired scope of the analysis. 
th is  time, the computer i s  used t o  search the stored spectra f o r  the specific 
mass fragments shown i n  Table  25. 

The resulting mass spectra are 
All compounds eluting from the GC i n  

A t  

The spectra o f  POM's are quite distinctive because they yield very s t rong  
molecular ions w i t h  l i t t l e  fragmentation- 
i n  a mixture i n v o l v e s  reconstructing t h e  GC trace from the stored data using 
only  a single mass t o  charge (m/e) value. 
chromatogram indicates t h e  possibil i ty of  a POM of  that  molecular weight. 

Using molecular i o n s  t o  f i n d  POM's 

Any inflection i n  th i s  mass 
The 
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spectrum is  t h e n  displayed and t h e  operator judges if the spectrum is con- 
s i s t e n t  w i t h  a POM. The GC retention time, as well as the spectrum, is used 
t o  make t h i s  ident i f icat ion although i t  is often d i f f i c u l t  t o  confirm which 
isomer is  causing a peak without standards f o r  the specific material. 

Using t h i s  technique, a l a rge  number of POM's can be screened i n  a short  
period o f  time and good ident i f ica t ion  of POM type is possible. More time is 
required for  exact ident i f icat ion.  Table 26 l ists  POM's which a re  sought i n  
a l l  samples; any POM w i t h  a molecular weight  on this l i s t  will  be determined. 
If o the r  POM's w i t h  different molecular weights  are  desired, a71 tha t  is 
needed for their ident i f icat ion i s  the molecular w e i g h t  and a re la t ive  reten- 
t i o n  t i m e  or a standard. 
POM compounds may in te r fe re  especially i f  they coelute w i t h  a POM. 
data interaction techniques, such as i o n  mapping, Jeep these interferences t o  
a minimum. 
standardization method. 

Dur ing  the search o f  the data f o r  POM compounds, non- 

Computer 

I f  a POM is  confirmed, the peak is quantitated us ing  an internal 

The GCPMS sensit ivity varies w i t h  several parameters i n c l u d i n g  t h e  type 
o f  compouind9 instrument internal cleanliness, resolution of closely e l u t i n g  
peaks, etic. Under "everyday" operating conditions 20 nanograms (ng) e l u t i n g  
i n  a peak about 5 seconds wide yields  an MS signal w i t h  a usable signal t o  
noise rat io .  Typically, t h i s  represents a t  l ea s t  100 clg of any single POM 
compound i n  a concentrated ex t rac t  o f  a sample. 

TABLE 2 5 ,  MASS TO CHARGE VALUES (m/e)s MONITORED* 
- -.---.----------.- 

128 180 242 
154 184 252 
162' 192 256 
166 202 278 
178 216 300 
179 228 302 ---- --. .--. - - _-_--.-- .. -...-- -_---- 

* 
Mass t o  cha rge  values  have u n i t s  i n  (grn/grn mole)/(electron/molecu?e!. 

'Internal S tanda rd  Chl  oronapathal ene. 



TABLE 26. MINIMUM LIST OF POM's MONITORED 

Compound Name Mol ecul a r  Weight A i r ,  w-- 

Naphtha1 ene 
B i.p hen y 1 
Fluorene 
9,lO D i  hydro-phenanthrene 
9,lO-Di hydro-anthracene 
2-Methyl -fl ucsrene 
7 -Methyl -f 1 uorene 
9-Methyl-fluorene 
Phenan tkreiie 
Anthracene 
Benzoqui no'[ i ne 
Acridine 
3-Methyl -phenanthrene 
2-Me thyl -phenanthrene 
2-Methyl -anthracene 
F7 uoranthene 
Pyrene 
Benzo[a]f'l uiorene o r  7 ,Z-benzofluorene 
Benzo[b]fluorene o r  2,3-benzofluorene 
Benzo[c]ff uorene o r  3,4-benzofluorene 
2-Methyl -fluosanthene 
4-Methyl -pyrene 
3 -Me thyl - py rene 
1 -Methy? -pyrene 
Benzo [clphenanthrene 
Benzo [ghi  If1 uoranthene 
Benzo [alanthracene 
Chrysene 
Tr i  phenyl enle (9,lO Benro phenanthrene 1 

128 
1 54 
166 
180 
180 
180 
180 
180 
7 78 
178 
179 ' 

179 
192 
192 
1 92 
202 
202 
21 6 
21 6 
216 , 

27 6 
21 6 
21 6 
21 6 
228 
228 
228 
228 

5.0 x 104 
1.0 103 
1.4 lo4 
N 
N 
N 
N 
N 
1.59 lo3 
5.6 lo4  

9.0 lo4 
3.0 lo4 
3.0 lo4 
3.0 lo4 

2.3 lo5 

N 

4 9.0 x 10 

N * -  

N 
N 
N 
N 
N 
N 
2 .73  lo4 

4.5 x 10' 
2.2 lo3 

N 

- 228 N 
(Continued) 
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TABLE 26. (Continued) r 

Mate Value, 
A i r ,  iJg/m3 Campound Name Mol ecu 1 a r  We i gh t - - -.- - 

4-Methyl -$en20 [alanthracene 
7 -Methyl Ochrysene 
6-Methyl -e hrys ene 
7,lZ-Diimethyl- benzo [a ]anthracene 
9,lO-Dimethyl -benzoEa]anthracene 
Benzls[f:ff 7 uoranthene 

242 N 
242 1.79 x 
242 1.79 x 
256 2.6 x 
256 2.96 x 
252 N 

1 o3 
1 o3 
0-1 
10' 

Benzo[k:]fl uoranthene 
Benzo [ b l f  7 uoranthene 
Benzo [a:ipyrene 
Ben z o [e :I py pen e 
Peryl ene 
1,2,3,4-4li benzanthracene 
2,3,6,7-Oibenzanthracene 
Benzo [blchrysene 
Picene 

- Benzo [c] tetraphene 
Benzo[ghi]perylene 
Coronene 
JY2,3,4-Di benzpyrene 
1,2,4,5-Ilibenzpyrene 
A I  kyl substituted naphtha7 enes 
D i  benzothiophene 
Methyl Dii benzothiophene 
Dimethyl phenanthrenes 
T r i  me thy1 phenanthrenes 
A1 kyl substituted biphenyl 
Ethyl f l  uiorene 

252 
252 
252 
252 
252 
278 
278 
278 
278 
256 
302 
300 
302 
302 
N/ A 
182 
196 
206 
220 
N/A 
195 

1.63 J O ~  

3.04 lo3 

1.0 x 70 4 

2.5 J O ~  

9.0 x 10' 
2.0 x 

M 

N 
M 

N 
5.43 x 10' 
N 
N 
N 
2.0 x 10 5 

2.3 J O ~  
N 
N 
N 
N 
N 
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4.2.4 - Level I1 Analyses ) 

Level I1 tests were conducted a t  three o f  the diesel engine sites 
greviously tested ( s i t e s  309, 312 and 313). These were identified as sites 
309-2, 312-2 and 313-2. The principal sampling system was the SASS train. 
The controlled condensation system (CCS) was used t o  sample fo r  SOg emissions. 
The following SASS t r a in  organic samples were cornposited f o r  analysis: probe 
rinse, module rinse, f i l t e r  extract, XAD-2 resin extract. The condensate 
extract was n o t  cornposited. Standard Level I analyses were repeated: TCO, 
GRAVY IR, and LC (followed by GRAV and IR). 
organic and CCS t ra in  samples are  described below. 

Level I1 analysis f o r  the 

Level I1 Organic Analysis- 

In i t ia l ly  a l l  samples l i s t ed  i n  Table 27 were screened using a packed 
Dexil 300 column, (column conditions for Dexil 300 are given i n  Table 28).  
With t b e  exc:eption o f  t h e  blanks, the packed column results suggested that  
a1 ternative cbromatography procedures were required due t o  highly complex and 
concentrated mixtures o f  organics i n  t h e  sampjes. 

Capillary column chromatography was chosen because previous work on 
similar samples has shown tha t  t h e  Level I LC separation procedure causes 
sample modification and losses which are i n  excess o f  Level I1 standards. 
LC procedure, however, is adequate for Level I studies, b u t  Level I1 requires 
significantly better quantitation. The column cbosen was a glass OV-101 wall 
coated open tube, 30 meters i n  length .  
the column are g iven  i n  Table 28. 
capi l  l a r y  column w i t h o u t  additional preparation other than the a d d i t i o n  o f  

an internal standard. 

The 

The actual opera t ing  conditions for 
A l l  samples were analyzed u s i n g  this 

P r i o r  ti3 capillary column analysis, each sample was spiked w i t h  the 
internal standard, chloronaphthalene, a t  a level approximating 20 pg/m 3 

emission froin the source. Chloronaphthalene was chosen because i t  elutes a t  
approximately a mid-range i n  t h e  chromatogram, is very stable, i s  no t  a 
typical combustion product ,  and yields a unique mass spectrum d u e  t o  i t s  
chlorine isotope pattern. 



TABLE 27. LEVEL I1 SAMPLES ANALYZED FOR INTERNAL COMBUSTION SITES 

Sample Code Descri p t ion  

309-2-XRPF-MRPR Combination o f  resjn, particle f i l ter ,  
module rinse, and probe rinse extracts 

3 0'9-2-CD-LE Condensate extract 

3 0!3 -2 -MCB Methylene chloride blank f o r  condensate 
extract 

309-2- XRBPFB-MAB Combined b lank  extractions f o r  resin , 
particle f i l t e r ,  methylene chloride, 
and acetone 

Combination of resin, particle f i l t e r ,  
module rinse, and probe rinse extracts 

31 2-2-XRPF-MRPR 

31 21-2-CD-LE Condensate extract 

37 2 - XWBP f B-MAB 

Methylene chloride blank f o r  condensate 
extract (used f o r  both 372 and 373 
si tes) 

Combined b l a n k  extractions f o r  resin, 

and acetone (used for b o t h  312 and - .  

313 s i tes)  

particle f i l t e r ,  methylene chloride, , 

31 3,-2- XRPF-MRFR Combination of resin, particle f i l t e r ,  
module rinse, and probe rinse extracts 

Condensate extract 
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TABLE 28. LEVEL I1 ORGANIC ANALYSIS CONDITIONS - 
Chromatograph Conditions f o r  OV-101 Capillary Column 

Co7 umn : 

Injector: 

Glass OV-101 wall coated c a p i l l a r y ,  30M 
long by 0.01'' id. 

Operated i n  a s p l i t  mode (50:l s p l i t  r a t i o )  
a t  290°C 

Temperature Program: 50-270°C a t  2"C/min af ter  a three minu te  
del ay 

Flow Rate: 

Injection Size  : 

Total Analysis Time: 

20 cm/sec (?.lcc/min) o f  Helium 

5 PI 

%90 min 

Chromatograph Conditions f o r  Dexil 300 Packed Column (sample screening) 

Col urn :: Glass packed w i t h  3% Dexil 300 8 on 

Injector: 

Chromosorb W ,  5 '  long by 2.7 mn id.  

300°C 

Temperature Program: 50-3--"C a t  4"C/min 

Flow Rate: 30 cc/min of He7 ium 

1 ll1 In j ecti on Size : 

Total Analysis Time: 1.80 min 

Chromatographt Candi t i o n s  f o r  OV-7 7 Packed Solum ( L C  Fract ion Analysis) 

Column: Glass packed w i t h  3% O V - 7 7  on 

Injector: 

Temperature Program : 

Flow Rate: 

Inject ior l  Size: 

Chromosorb W ,  5 '  long by 2.7 mri~ id .  

270°C 

50-270°C a t  4"C/min 

30 cc/min o f  He? ium 

J UJ 

Total Analysis Time: G O  min 
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The or i  g i  na1 sampl es were del i vered wf t h  corresponding LC fractions . 
Several crf these LC fractions were analyzed bo th  by electron impact (EI) and 
chemical ion iza t ion  (CI) GC/MS using an OV-17 packed column (see Table 28 for 
condi t ions) ,  The results o f  a l l  analyses are discussed i n  detail below. 

In an  attempt t o  determine the presence of heteroatom containing organics, 
several LC fractions were ana7yred by GC/MS using both E1 and CI modes of 
ionization. Late eluting fractions ( i -e .  LC 4-7) which exhibited high  TCO and 
gravimetric numbers were chosen f o r  analysis. Not a77 o f  the fractions were 
available, b u t  enough information was gained t o  support  the conclusion that i t  
is n o t  possible t o  do Level I1 analysis of samples fractionated i n  this way. 
The purpose o f  analyzing the LC fractions was t o  identify compounds a t  low 'levels 
i n  specific compound classes. 
fraction, that specific compound was searched f o r  i n  the data obtained on the 
original sample. T h i s  procedure was used t o  f ac i l i t a t e  identification o f  
species a t  low levels i n  t h e  rather concentrated samples. 
t h e  compound was found in t h e  original sample, i t  was assumed t o  be a con- 
taminant introduced a s  a part of  t h e  LC procedure. 
confirmed, i t  was quantitated and reported, As an example o f  the problems 
encountered, LC fraction 6 o f  sample 309-2-XRPF-MRPR contained a rather h i g h  
concentration of  f a t ty  acid metbyl esters. 
s is ted of a homologues ser ies  s ta r t ing  w i t h  pentanoic acid methyl ester and 
extending t o  pentacosanoic acid methyl es ter  w i t h  every carbon number i n  

Once an identification was made u s i n g  an LC 

When no evidence o f  

When a compound was 

The fa t ty  acid methyl esters con- 

between present. 
sample, Lasing the capillary column, was examined. 
methyl esters could be found i n  the original sample; therefore, these com- 
pounds were assumed t o  be contaminants introduced i n t o  the sample by handling 
( f a t t y  acid methyl esters are  found i n  various hand cream formulations). 

Given t h i s  information, t h e  data collected from the original 
No evidence o f  f a t t y  acid 

T h i s  Le!vel I1 analysis procedure p rov ides  information only on the volatile 
port ion of the samples, up  t o  about C30. 

would n o t  be directly determined. Level I1 procedures f o r  nonvolatile organics 
are n o t  well defined a t  the present time. 

Materials w i t h  h i g h  b o i l i n g  points 



Level XI Analysis f o r  Sulfur Species-- 

The Goksayr-Ross controlled condensatfon system was used far Level 11 
sampling fo r  s u l f u r  species. 
was accomplished by the following analysfs. Aerosol HzS04, a fonn typically 
found i n  combustion gases, was collected i n  the controlted condensation coit .  
The coil was completely rinsed w i t f ~  defonized water. The H2S04 concentration 
i n  the collected rinse was determined by a bromophenol b l u e  indicated acid- 
base t i t r a t ion ,  
between SO2 and HZ02 formed H2S04 w h i c h  was quantitatively determined by the 
Level I turbidimetric sulfate analysis. 
and/or adhered t o  the inside o f  the probe. 
washings and probe rinses were a l s o  quantitatively determined by the Level I 
turbidimetric sulfate  analysis. 

Identification and quantitatfon o f  these species 

S u l f u r  dfoxide was collected 4n the H202 irnpinger. A reaction 

Sulfates were collected by the f i l t e r  
Sulfates present i n  the f i l t e r  

4.2.5 Test Results 

Fi el d Measurements and Emissions o f  Criteria Pal 1 utantsl- 

The operating load, fuel type, and fuel feed rates fo r  the internal com- 
Eleven o f  the fourteen s i t e s  b u s t i o n  s i t e s  tested a re  presented in Table 29. 

were tested under base load conditions, and the remaining three a t  s l i g h t l y  
derated conditions. 

Oxygen concentration data and data on particulate and SOx emissions and 
Bachrach smoke readings f o r  the t e s t s  conducted are presented i n  Table 30, 
Gaseous hydrocarbon (Cl-Cs) measurements were a l s o  made i n  the f ie ld  b u t  will  
be reported l a t e r  along w i t h  emissions data f o r  volat i le  ( C , - C , 6 )  and non- 
volati le (X,6) organics. As discussed previously i n  Section 4.1, the existing 
data base f o r  NO, and CO emissions from interna’l combustion sources i s  adequate. 
Additional NO, and CO measurements were therefore unnecessary. The SO, emis -  

s ions  data presented were computed from the fuel sulfur content and no t  based 

on f ie1 d measurements. 

Particulate emissions determined by w e i g h i n g  f i l t e r s  generally correlate 
well w i t h  Bachrach smoke readings, i .e., h i g h e r  particulate emissions normally 
correspond t o  h i g h e r  smoke numbers. 
emissions from d i s t i l l a t e  a i l  engines are  much higher t h a n  particulate emissions 
from d i s t i l l a t e  oil-fueled gas t u r b i n e s .  

Also,  i t  may be noted tha t  particulate 

Tbe calculated SOx emissions are 
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Antimony - Hydri de Evol u t i  on -- Antimony-contai n ing  compounds are de- 
compaised by adding sulfuric and n i t r i c  acids and evaporating the sample to  
fumes o f  sulfur trioxide. 
w i t h  potassium iodide and stannous chloride and f inal ly  w i t h  sodium borohydride 
t o  form stibine (SbH3). 
swept by a flow o f  nit rogen f n t o  a hydrogen d i f f u s i o n  flame i n  an atomic 
absorptfon spectrometer. 
Interferences i n  t h e  flame are minimized because the st ibine is freed from 
the original sample matrix. 

The antimony 1 i berated i s  subsequently reacted 

The stibine is removed from so lu t ion  by aeration and 

The gas sample absorption i s  measured a t  217.6 run. 

Sulfate - Turbidimetric -- The basis o f  the analysis is the formation o f  

a barium sulfate precipitate i n  a hydrochloric acid medium w i t h  barium chloride 
i n  such a manner as t o  form barium sulfate crystals o f  uniform size. 
absorbance o f  the barium sulfate suspension was measured by a transmission 
photometer and the sulfate  ion  concentration determined by comparison o f  the 
reading w i t h  a standard curve. 

The 

Nitrate - Brucine Colorimetric -- Nitrate analysis was performed on hot 
water extracts o f  particulate samples from selected s i t e s  us ing  the standard 
brucinie ni t ra te  colorimetric procedure. The reaction between ni t ra te  and 
brucine sulfate produces a yellow color which can be used f o r  the colorimetric 
estimation o f  nit rate .  The  intensity of the color is  measured a t  410 mv. 
each sample aliquot t o  be analyzed, sodium chloride and sulfuric acid solutions 
are f irst  added. 
absorbance is measured f o r  a b l a n k  correction. The brucine-sulfanilic acid 
reagent i s  then added and the samples are kept i n  a b a t h  o f  b o i l i n g  water for 
20 minutes. 

To 

If any color o r  t u r b i d i t y  are present a t  this p o i n t ,  the 

They are  then cooled and the i r  absorbance measured. 

- FT uoride - Speci f i c  Ion E l  ectrode -- F7 uori de was determined potenti o- 
metrically using a selective ion  fluoride electrode i n  conuunction w i t h  a 
s tandaird s i  ngl e junction s 1 eeve-type reference' el ectrode and a pH meter havi ng 
an expanded m i l l i v o l t  scale. 
c a t i o n s  o f  Sic4,  Fe+3, and  Al+3 interfere by forming complexes w i t h  f luor ide .  
The a d d i t i o n  o f  a pH 5 t o t a l  i o n i c  strength a d j u s t o r  buffer (TISA8 11) con- 
taining a strong, chelating agent preferentially complexes aluminum (the most 
common interference), s i l i con ,  and iron and el iminates t h e  pH problem. 

Sample pH was between 5 and 9 .  Polyvalent 
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The addition o t  TXSAB I1 also provides a high t o t a l  ionic strength 
background t o  h e l p  mask the difference i n  total  ionic strengths between samples 
and standards, However, t h e  TISAB I1 cannot entirely compensate for  this 
difference due t o  t h e  very high and variable level o f  ion ic  strength i n  the 
Level I SASS samples. 
t h e  necessity o f  drawing different caJ ibration curves f o r  different types of 

samples. 

Thus a known addition technique .is employed t o  eliminate 
. 

Chl o r i  de - Specific Ion E l  ectrode -- Chl o r i  de was determined potentio- 
metrically using a sol id  s t a t e  selective ion  chloride electrode i n  conjunction 
w i t h  a double junction reference electrode and a pH meter having an expanded 
m i l l i v o l t  scale. The solid s t a t e  electrode is  used because i t  is not  sensi- 
tive t o  the higher levels o f  nit rate ,  sulfate o r  bicarbonate which could be 
present i n  many o f  the samples. 
standards have the same total  ionic s t r e n g t h .  A known addition technique is 
employed t o  eliminate the necessity o f  drawing different caJ i b r a t i o n  curves 
f o r  different types o f  sampJes because samples can have a very h i g h  and 
variable 1 eve1 total ionic  strength.  

T h i s  method does require that  the sample and 

Detection Limits- 

The determination o f  a system's detection limits f o r  different chemical 
species must include a discussion o f  three interrelated items. The f i rs t  item 
i s  the determination o f  the analytica'l detection l imi t  f o r  each species as 
l i s t ed  i n  the f irst  part o f  Table 24. The second item i s  the determination o f  

I t h e  species quantities needed i n  each type o f  SASS sample (particulate f i l t e r s ,  
XAD-2 module, impingers etc. } t o  meet these analytical detection 1 i n i  ts. The 
analytical detection 7 i m i  t s  together w i t h  t h e  average volume weight, O r -  

amount o f  the collected sample will yield through calculation the species 
quantity needed i n  each o f  the SASS t r a i n  components i n  order  to  be detectable. 
Th i s  data when divided by the average volume of gas sampled, 30 m3, yields the 

This d a t a  appears 
i n  the second section o f  Table 24. 
detectable splecies concentration i n  the gas stream (pg/m 3 ) .  

, 
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The t h i r d  item, shown i n  the l a s t  section of Table 24, is the deter- 
mination o f  the species concentrations needed i n  the fuel t o  meet these gas 
stream detectabl e concentration val ues , Thi s i s derived by mu1 ti p7yi ng the 
vo'lume o f  gas created by the combustion of one gram o f  fuel and the gas 
stream concentration values. This yields ( i n  ppm) t he  species concentrations 
i n  the f u e l  required t o  produce detectable species quantities i n  the gas 
stream, 
equation and the stack emission fonu7a (Appendix C )  given below. 

The volume o f  gas per gram o f  fuel is obtained by using the Nernst 

- F - "' 1 - 4.762 (b 
100 

r - - "' 1 - 4.762 (b 
100 

where: 

== gram-moles o f  dry eff l  uent/gram o f  fuel 

combustion (Appendix C )  

field gas analysis. 

FG 
F =E gm-moles of dry effluentlgram o f  fuel under ~~oichiornetric 

O2 =: volumetric 02 concentratfon, i n  percent, as determined from 

The value "nFG" is  t h e n  used i n  t h e  Nernst equation t o  yield the volume of gas 
per gram o f  fuel,  assuming I atm. and ZO'C. 

The values obtained far SASS t ra in  detection limits and corresponding 
fuel concentration- levels necessary t o  meet these limits will vary for  each 

s i t e  approximately 5 one order o f  magnitude. 
va r i a t ions  i n  f ie ld  sample l i q u i d  and s o l i d  volumes and weights, and e x i t  gas 

oxygen content. 

T h i s  fluctuation i s  due t o  

Level I Organic Analysis Methodology- 

An overview o f  the sources o f  the samples and the appropriate combinations 
of  theqsamples f o r  analysis is shown i n  figure 7.  
methodology and decision c r i t e r i a  used f o r  the Level I organic sample prepara- 
tion and analys is  i s  shown i n  F i g u r e  8. 

The overview of the 
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AS indicated i n  these two f igu res ,  the e x t e n t  o f  sample preparation 
required var ied  wi th  sample type. Organic l i q u i d s  d id  not need pretreatment, 
The ma jo r i ty  o f  t h e  samples, inc luding  SASS t ra in  components, .aqueous solu- 
t i o n s ,  bottom ashes, and o t h e r  s o l i d s  required an i n i t i a l  so lven t  ex t rac t ion  
t o  s e p a r a t e  the o rgan ic  and inorganic  por t ions  of the samples before t h e  
analyses, could be continued. 

Both the e x t r a c t s  and the neat organic  l i q u i d s  were concentrated i n  a 
Kuderna-Danish evaporator  t o  a 10 m l  volume. 
taken from each concent ra te  f o r  the fol lowing analyses:  

Two 1 m l  a l i q u o t s  were then 

e Total chromatographable organic  materia? (GC-TCO) and, should Level I I  
e f f o r t s  have been required, GC/MS analys is .  

4 Gravimetric determinat ion of non-volat i le  organic  mater ia l  and an 
in f r a red  analysis on t h e  residue from the 'gravimetric determination. 

The data provided by performing the TCO and the gravimetr ic  analyses were 
used t o  make the dec is ion  a s  t o  the analysis .  path to be followed f o r  a l l  o tber  
determinations.  The TCO ana lys i s  provided q u a n t i t a t i v e  information on the 
b u l k  amount of semi-vola t i le  organic  mater ia l  i n  the boi l ing  range o f  tbe C, 
t o  C16 a lkanes 0- 90°C t o  300°C. 
results on the amount o f  non-volat i le  organics i n  the sample. 
values  combined g i v e  an e s t ima te  o f  the t o t a l  organic  content  of  the sample, 
Whenever t h e  t o t a l  organic  conten t  of t h e  sample was equiva len t  t o  a s tack 
concentraLtion o f  500 ug/m o r  less, the organic  ana lys i s  was terminateh. 
ever the value was g r e a t e r  than 500 pg/m stack concentrat ion,  the d i r ec t ion  
of the anialyses depended on the TCO results. 

The gravimetr ic  ana lys i s  provided quan t i t a t ive  
These two 

3 When- 
3 

If the TCO was less than 10% of the t o t a l  organic  mater ia l  the analy- 
t i c a l  pathway labe led  "Method 2" i n  Figure 8 was followed. 
sample a l i q u o t  was taken f o r  l i q u i d  chromatographic f r a c t i o n a t i o n ,  evaporated 

A su i t ab ly  s ized 

t o  dryness and transferred t o  an LC column. 
sequently subjected t o  grav imet r ic  and in f r a red  analyses ,  If the TCO was 
g r e a t e r  t h a n  10% o f  the to ta l  organics ,  an a l i q u o t  f o r  LC was prepared by 
so lven t  exchange t o  preserve t h e  v o l a t i l e  species, In th i s  "Method 1 "  proce- 
d u r e ¶  each f r a c t i o n  separa ted  s t i l l  underwent gravimetr ic  and infrared analyses;  
however, i n  add i t ion ,  t h e  f i rs t  seven LC f r a c t i o n s  were f irst  analyzed f o r  TCO, 

Each separated f r ac t ion  was sub- 
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Yhe GC-TCO analysis has been used t o  obtain information on the quantity 
o f  materlial boiling w i t h i n  discrete ranges corresponding t o  the boi l ing points 
o f  the n-alkanes C, through C16 as we71 as on t h e  total  amount of material i n  
the overall n-alkane boiling range. Materials were classified solely on the 
basis of their retention time relative t o  the n-alkan’e, and were quantitated 
as n-a1 kanes. 
halogens would also be reported as a’lkanes, 

T h i s  means any compounds containing oxygen, nitrogen, sulfur o r  

The infrared analyses provided information on the major functional groups 
(i.e,,  chimica7 compound classes) present i n  a sample, 
GC-TCO and IR analyses interrelated: 

Data ob ta ined  by the 
many compounds detected i n  the GC ana- 

lysis were t o o  v o l a t i l e  t o  remain f o r  IR analysis, and many compounds detected 
in the IR analysis had too low a vo la t i l i ty  t o  be detected by the GC-TCO 
procedure., 
t i o n s  complemented t h e  IR analyses o f  these samples, 

In a similar manner, the results of GC analyses of  the LC frac- 

The remaining paragraphs o f  this section br ief ly~descr ibe the analytical 
techniques used i n  conducting the Level I organic analysis. 

Extraction o f  Samples f o r  Organics- 

- Extraction o f  aqueous samples for organics -- Typical liquid samples that 
have been generated i n  t h i s  program include aqueous condensates, s e t t l  i ng pond 
samples, and ambient water samples, 
w i t h  standard separatory funnels, The sample volume was measured and the 
sample was transferred t o  the separatory funnel, 
o f  the sample was ad jus ted  t o  neut ra l  w i t h  ei ther a saturated solution o f  
sodium bicarbonate o r  ammonium chloride. 
w i t h  a volume of high-purity methylene chloride equal t o  approximately 5 per- 
cent o f  the sample volume. 
anhydrous sodium su l fa te ,  and t h e n  concentrated t o  70 ml. 

These 1 i q u i d  extractions were performed 

Whenever necessary, the pH 

The sample was extracted three times 

The resulting extract was measured, dried w i t h  

Extraction o f  solid samples for  organics -- Typical solid samples t h a t  . 
have been generated i n  this program include cyclone catches, particulate 
f i l t e r s ,  XAD-2 resin samples, bottom ashes, and electrostatic precipitator 
dus t s .  
tors. 

These extractions were performed i n  appropriately sized Soxh le t  extrac- 
Each sample was placed o r  weighed i n t o  a glass thimble and extracted 
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f o r  24. hours  w i t h  Di s t i l l ed - in -G1ass (R)  o r  Nanograde(R) p u r i t y  methylene chlo-  
r i d e ,  The r e s u l t i n g  extracts were t h e n  concen t r a t ed ,  

i 

Concen t r a t ion  o f  o r g a n i c  e x t r a c t s  -- Solven t  e x t r a c t s  o f  sol i d  and 1 i q u i d  - 
samples  and s o l v e n t  r i n s e s  o f  sampling hardware were concen t r a t ed  i n  Kuderna- 
Danish evapora to r s ,  
the s o l v e n t s ,  All samples  were c o n c e n t r a t e d  t o  a volume between 5 ml and 
70 ml and then ,  when c o o l ,  t r a n s f e r r e d  t o  a volumetr ic  f lask  and d i lu ted  t o  a 
f ina l  volume of 10 m l .  

Heat provided  by a steam ba th  was s u f f i c i e n t  t o  v o l a t i l i z e  

- Grav ime t r i c  d e t e r m i n a t i o n s  f o r  o r g a n i c s  -- The weight  o f  non-vo la t i l e  
o r g a n i c  species i n  samples  f o r  Level I o r g a n i c  a n a l y s e s  was determined on the 
concen t r a - t e s  ob ta ined  from t h e  Kuderna-Danish c o n c e n t r a t i o n s  o f  sol vent e x t r a c t  
and r inse!  samples. The samples were t r a n s f e r r e d  t o  either small glass beakers 
( f o r  LC f r a c t i o n s )  o r  tared aluminum weighing d i shes .  
evapora ted  a t  ambient  t e m p e r a t u r e  t o  a c o n s t a n t  weight ,  
always stored i n  a d e s i c c a t o r .  
were measured, 

The samples were then 
The dry samples were 

Weights o f  o r g a n i c  r e s i d u e s  a s  small as 0.1 mg 

- Infrared a n a l y s i s  -- I n f r a r e d  a n a l y s i s  was used t o  determine the func t ion -  
a1  groups p r e s e n t  i n  an o r g a n i c  sample o r  LC f r a c t i o n  o f  a p a r t i t i o n e d  sample. 
The interpreted s p e c t r a  p r o v i d e  in fo rma t ion  on f u n c t i o n a l i t y  (e .g . ,  ca rbony l ,  
a romat i c  hydrocarbon,  a l c o h o l ,  amine, a l i p h a t i c  hydrocarbon, halogenated 
o r g a n i c ,  etc. 1. 
i s  known t o  be p r e s e n t  a s  a dominant  c o n s t i t u e n t  i n  t h e  sample. 

Compound i d e n t i f i c a t i o n  i s  p o s s i b l e  on ly  when t h a t  compound 

The minimum sample amount r e q u i r e d  f o r  th is  a n a l y s i s  has been 0.5 mg. 
compound imust be present i n  t h e  sample a t  5%--1g% ( w / w )  a t  l e a s t  f o r  the charac-  
t e r i s t ic  f u n c t i o n a l  groups o f  a compound t o  appea r  s u f f i c i e n t l y  s t r o n g  f o r  
i n t e r p r e t i v e  purposes .  
cause interferences. 

A 

Organ ic  s o l v e n t s ,  water and some i n o r g a n i c  materials 
Water, i n  particular,  can cause a decrease i n  the q u a l i t y  

( i r e . ,  r e s o l u t i o n  o f  a spec t rum,  s e n s i t i v i t y )  o f  the a n a l y s i s .  

The i n i t i a l  o r g a n i c  sample o r  LC f r a c t i o n ,  a f t e r  evapora t ion ,  was e i the r  

\ and t r a n s f e r r e d  t o  a NaCl window, o r  ( 2 )  mixed w i t h  powdered KBr, ground t o  a 
A g r a t i n g  IR spec t rophoto-  

( 7 )  t aken  up i n  a small amount o f  carbon t e t r a c h l o r i d e  o r  methylene chloride 

fine c o n s i s t e n c y ,  and then  pressed i n t o  a pellet, 
meter was used t o  s c a n  the sample i n  the IR r e g i o n  from 2.5 t o  15  microns. 
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C7-C16 total chromatographable Organic material analysis  -- Gas chromato- -- 
graphy i s used t o  determi ne the quant i ty  of lower boil ing hydrocarbons (boil ing 

points between 90°C and 3OOOC) i n  the concentrates o f  a l l  nea t  organic l i q u i d s ,  
organic extracts and LC f r ac t ions  7 through 7 (when LC Method 7 is used) 
encountered i n  Level I environmental sample analysis.  ' Data were used t o  first 
determine the t o t a l  quant i ty  o f  the lower boi l ing hydrocarbons i n  t h e  sample. 
Whenever the to t a l  of C,-C, 
results were reported a s  quan t i t i e s  f n  each of the C -C 
r a the r  than as a t o t a l .  

hydrocarbons exceeded 75 ugm3, t h e  chromatographic 

7 16  boil ing p o i n t  ranges 

The extent  o f  compound iden t i f i ca t ion  is limited t o  representing a l l  
mater ia l s  a s  normal alkanes based upon comparison o f  boiling points. A l s o ,  
the ana lys i s  is semiquantitative because ca l ib ra t ions  a r e  prepared using only 
one hydrocarbon, n-decane. The d i f fe rences  i n  instrument response, or sensi- 
t i v i t y ,  t o  other alkanes a r e  well w i t h i n  the desired accuracy limits f o r  Level 
I ana lys i s  and a r e  not taken i n t o  consideration i n  data in te rpre ta t ion .  

' 

L i q u i d  chromatoqraphic separat ions -- This procedure is designed t o  give 
a separat ion o f  a sample i n t o  e i g h t  reasonably distinct classes o f  compounds 
and is applied t o  Level I analyses o f  SASS t r a i n  samples which  contain a m i n i -  
mum o f  15 rng o f  non-volatile organics. Sample weights from bulk  l iqu ids  and 
s o l i d s  were evaluated on a case-by-case basis.  A sample weighing from 9 mg t o  
100 mg was placed on a s i l i c a  gel l i q u i d  chromatographic column. 
e i g h t  e luents  were employed t o  separate  the sample i n t o  nominally e ight  
d i s t inc t  c lasses  o f  compounds f o r  further analyses . 

A series of 

The use o f  HCl i n  the f i n a l  eluent results i n  a pa r t i a l  degradation o f  

the column material. Thus,  the eighth f r ac t ion  has s i l i c a  contaminants present 
i n  var iab le  amounts. F i l t r a t i o n  was attempted t o  separate  ' s i l i c a  ge7 from the 
organics,  but; s i l ica was s t i l l  of ten observed, par t icu lar ly  i n  ' i n f r a red  spectra. 

As indicated i n  Figure 8, two dis t inc t  analyt ical  procedures can be used 
i n  t h e  performance o f  LC f rac t iona t ions  and subsequent analyses. The selection 
o f  the  pathway "Method I "  o r  "Method 2" was based on the results of gravimetric 
and TCO determinations on the concentrated organic sample. For  a LC separation 
t o  be required, the t o t a l  organic content of the t o t a l ,  or iginal  sample must 
exceed 500 ug/m . 3 Method 2 is  used whenever the v o l a t i l e  hydrocarbon content 
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detemined by t h e  TCO analysis i s  l o w  -- 'less than 10% of  the total .  
is used whenever the volat i le  material content is i n  excess of 10% of  the 
total  . 

Method 1 

The first difference between Method 1 and Method 2 is i n  the method of 
preparing the sample f o r  introduction onto t h e  LC c,olumn. 
there are few vola t i le  substances, a simple, direct solvent evaporation step 
is  sufficient,  
bo i l i ng  components through t h e  LC separation and subsequent analyses. There- 
fore, a solvent exchange step has been incorporated t o  transfer the sample 
from methylene chloride t o  the non-polar solvent hexane. 
ever Method 7 was used, a TCO analysis was performed on the f irst  seven 
fractions f o r  information on the mass and types o f  volati le compounds present 
i n  each fraction, 
lyses which were performed on a l l  fractions. 

In Method 2, where 

I n  Method 7 ,  however, care must be taken t o  preserve the lower 

In addition, when- 

These data supplemented the gravimetric and infrared ana- 

Low resolution mass spectrometric analysis -- T h i s  procedure is a survey - 
analysis; used t o  determine compound types i n  an organic sample o r  i n  an LC 
fraction1 o f  a sample, The analyst is specifically searching f o r  hazardous 
compoundis o r  compounds which may be generally considered toxic, e.g., aromatic 
hydrocarbons and chlorinated organics, 
parameters results i n  molecular weight datd, which, combined w i t h  IR and sample 
source data, can provide specific compound identifications on a "most probable" 

Analysis us ing  different sample ionizing 
I 

I 

I basis. 

The mass spectrometer (MS) used i n  this procedure has sufficientr  sensi- 
t i v i t y  such that  1 nanogram o r  less presented to the ionizing chamber results 
i n  a f u l l  spectrum w i t h  a signal r a t i o  of  1O:l .  
i s  achievable. 
o f  an a i r  sample o r  l i q u i d  sample varies widely depending on the types and 
quantities o f  t h e  species i n  the mixture, 
effects i n  the spectrum caused by multiple compounds. 
ference is  reduced by lowering the i o n i z a t i o n  voltage t o  produce spectra 
containing relat ively more intense molecular ions.  

A dynamic range o f  250,000 
The detection l i m i t  for a specific compound related t o  the size 

T h i s  is  because of  interfering 
The impact o f  this inter- 

S o l i d  samples a re  placed i n  a sample cup o r  capTlIary f o r  introduction 
via the {direct inser t ion probe, More volat i le  samples are weighed i n t o  a 
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lower than those seen i n  the stacks of u t i l i t y  boilers, due t o  bo th  the ?OW 

sulfur content o f  the types of fuel used and the large amuunt o f  excess a i r  
normally present i n  the combustion gases or turbines and reciprocating 
engines . 

The data reduction procedure fo r  converting kission concentrations 
3 (ppmv o r  mg/m ) t o  emission factors (mg/J) is based on calculations o f  the 

combustion o f  fuel w i t h  a i r ,  as  described i n  detail i n  Appendix C. 

Inorganic: Analysis Results- 

The inorganic analysis data ,  generated using the analytical procedures 
descriibed i n  Section 4.2 .3 ,  are contained i n  Appendix D i n  75 tables. Tables 
D-7 and D-2 contain the resul ts  from the gas t u r b i n e  s i t e  (Site 110). Tables 
D-3 t o  0-9 present resul ts  from the d i s t i l l a t e  o i l  turbine s i t e s  (Sites 111, 
772, 306, 307 and 308). Tables 0-10 t o  D-75 present results from the 
d i s t i l l a t e  o i l  reciprocating engine s i tes  (Sites 309, 310, 371, 312, and 313). 
These tabulated resul ts  are  presented f o r  each section of the SASS t r a i n  and 
also are summed t o  provide a total  value. Analytical data for the s t a r t i ng  
fuels are also shown i n  these tables (except for S i te  110)- Mass emissions, 
i n  mg/m , for  each element reported, were calculated based on b o t h  the s ta r t ing  
fuel analysis (assuming t h a t  a l l  o f  the element exited w i t h  the flue gas)  and 
the total  catch determined i n  the  SASS samples. Calculated mass emissions were 
computed us ing  the formula presented i n  the discussion o f  analytical detection 
limits (Section 4 . 2 . 3 ) .  

3 

A summary o f  the data  from the specific inorganic analyses i s  given i n  

Table 31. Mercury, arsenic, and.antimony emissions were a l l  quite low. From 
a77 three source types, these elements were found t o  be collected primarily 
i n  the XAD-2 resin. Chloride and fluoride were found almost exclusively in 
the XAtI-2 resin and  composite ( a c i d  XAD-2 module rinse plus XAC-2 module 
condensate p l u s  peroxide impi nger) samples . 

The SSMS analysis found the major elements present i n  a l l  s i tes  t o  be Al, 
B, Ba, Ca, Cu, Fey K ,  Mg, Na, Ni, P ,  Pb, S ,  S i ,  and Zn.  In a d d i t i o n ,  Mn levels 
were fciund t o  be a t  l eas t  a factor  o f  twenty higher f o r  those s i t e s  (171, 306, 

and 307) u s i n g  an organic manganese fuel additive. The above elements were 
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TABLE 31. SUMMARY OF RESULTS FROM SPECIFIC INORGANIC ANALYSES 

- 

Mass s s i  ons (mg/m3 Combus tiosl S i t e  
Source Type No. Hg AS Sb SO4* C7 F -N03* 

Gas Turbine 110 0.0091 <0.0074 <0.0016 - 0.89 - 9 

DistiJlate Oil 117 0.00018 4.0056 ~0.0046 - 4.9 0.010 0.029 
Turbine 

712 0.0014 <0.0033 0.013 0.23 2.5 0.049 0,018 

306 <0.00074 <0.00009 0.0017 0.035 - - - 
307 0.0016 <0.00011 0.0019 0.078 - - - 
308 <0-00033 <0.00019 <0.00076 0.068 - - - 

Dis t i l l a te  Oil 309 o.aoo16 <o.oooiz ~0.00020 o.-n - - - 
Reci procat i  nig 
Engine 310 0.00077 <0.00017 <0.0019 0.74 - - 

377 <0.00091 <0.00020 <0.00024 O A 8  - - 
31 2 0.00003 <0,00011 <0.00030 0.50 - - 
373 <O.OOJl <0.00011 <O.OOO19 0.74 - - 

* 
Values are from particulate samples only. 

found i n  the SASS t r a i n  a t  levels greater t h a n  1 mg (4l.003 mg/DSCH) i n  airnost 
a l l  cases.  The complete SSMS data a r e  included i n  Appendix 0. 

Results o f  Level 11 analyses  o f  the cont ro l led  condensation t r a i n  samples 
f o r  sulfur  species are presented in Table 32, 

Organic Analysis Data- 

Total Organic Matter -- As has been discussed i n  preceding paragraphs, 
the determination o f  hydrocarbons boi l ing  i n  the same range as methane through 
n-hexane i s  done i n  the f i e Jd  while the ana lys i s  o f  hydrocarbons boi l ing  i n  
the range o f  n-heptane (C7) through n-hexadecane (C1,) i s  performed i n  the 
laboratory.  The  s e n s i t i v i t y  o f  the gas chromatograph i n  t he  laboratory i s  
about a thousand times g r e a t e r  t h a n  the s e n s i t i v i t y  o f  the instrument taken 
i n t o  the f i e l d ,  The correspondfng l i m i t  o f  detect ion f o r  the f i e l d  gas 
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TABLE 32. LEVEL I I CONTROLLED CONDENSATION TRAIN ANALYTICAL RESULTS 

Smpl e 
Numbier Sample Type 

309 .. 2-GC Coil rinse 

309-241 H202 impinger 

MD * * 
* 38.96 * 

I * 7.56 309-2-GPf GF Probe rinse and f i l t e r  wash * 
31 2-2-GC Coil rinse 

H 0 impinger 2 2  31 2 - 2 4 1  

37 2-2-GP/GF Probe rinse and f i l t e r  wash - 

31 3-2-GiC Coil rinse 

1.38 * * 
* 88.64 * 

* 1.58 * 

1.36 * * 
31 3-241 H202 impinger ' *  81.20 * 

* 1.74 37 3-Z-GP/GF Probe rinse and f i q t e r  wash * 

NO indicates n o t  detected 
*The sulfur species indicated is not  expected t o  be trapped i n  t h i s -  p a r t  o f  
the sampling t ra in .  Samples collected are therefore not  analyzed fo r  the 
specific sulfur species. 

chromotograph i s  about 1000- ug hydrocarbon/m 3 , whereas the 1 aboratory gas 

chromatograph can detect 1 ug/m 3 . T h i s  is the principal reason for the 
apparent absence o f  the l i g h t e r  materia'ls, e.g., Cq, C5 and C6. 

laboratory. 
The nonvolatile organic content of the samples i s  a l s o  determined i n  the 

The procedure has been described briefly ear1i.er i n  the text. 

A sumrnary o f  a17 resul ts  is presented i n  Table 33. There i s  a large 
v a r i a t i o n  i n  the c1-Ce concentrations found in t e s t i n g  o i l  fired turbines 
( s i t e s  111, 172,  306, 307 and 308). The diesel fuel fired engines ( s i t e s  
309 t h r o u g h  313) varied i n  total  Ci-c6 content from 10 mg/m3 t o  30 mg/m3. 

Fluctuations i n  the ethane content o f  these samples were the most notable. 
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Thie concentration of materials bo i l ing  between 90°C and 300°C varied f r o m  
3 200 t o  3000 pg/m i n  the samples from the gas- and oil-fired turbines. The 

Cg-C16 hydrocarbon content of samples from the diesel fuel -f ired engines 

emitted approximately 15 times more C6-C16 materials than the gas- o r  o i l -  
fired tiurbines. 

ranged from about 10 t o  20 mg/m 3 On t h e  vaerage, the diesel burning engines 

In a71 cases, the majority of volat i le  materials were collected i n  the 
XAD-2 module, which is designed as t h e  principal organic material collector. 
T h i s  is readily seen from the tabulation o f  individual sample analyses pre- 
sented iin fable 34, (An explanation of the sample identification codes is 
given irt Figure 9.)  Also because of t h e  design, the second highest organic 
concentration should be and is i n  the module rinse, Analyses o f  the Level 11 
samples (309-2, 312-2, 373-2) f o r  volati le organics were performed on 
composites ( i  .e., PR+PF+MR+XR and CD) rather than on the individual samples. 
Therefore, these resul ts  a r e  not presented i n  Table 31- 

In a similar manner, t h e  nonvolatile content of the samples from the 
diesel engine sites 309 through 313 was about 25 times more than the nonvola- 
t i l e  content i n  the samples taken from the gas- o r  oil-fired t u r b i n e  u n i t s .  
The samples from the diesel engine u n i t  contained between roughly 45 and 
65 mg/m nonvolatile material, whereas the samples o f  gas- o r  oil-fired tur- 

3 bines contained between 300 and 7000 ug/m - 
3 

Overall, the average to ta l  organic content of  samples from the gas- or 
3 oil-fired turbines was 6 mg/m and the average t o t a l  organic content o f  samples 

from diesel fuel f ired engines was 88 mg/m . 3 

As w i t h  the volat i le  organics , and for the same reason, the bu l  k o f  the 
nonvolatile materials i s  i n  t h e  XAD-2 module- The module rinses from the 
diesel enigine s t i e s  312 and 313 also have a heavy quantity o f  nonvolatiles. 
Gravimetric results for individual samples are  presented in Table 35. 

Orqanic Component Analysis -- The ana lys i s  o f  t h e  materia7 collected was 
based on the data i n  the preceding paragraphs which  showed that  the only  
organics o f  any potential in te res t  were o b t a i n e d  from the XAD-2 module rinse 
and XAD-2 resin and met t h e  organic analysis c r i t e r i a  explained i n  Section 4 . 2 .  
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In the case o f  the gas t u r b i n e s ,  only the oil-fueled sources had enough 
material t o  warrant l iqu id  chromatography fractionation. Of these samples, 
s i t e s  111 and 112 XAD-2 resin extracts  had a contamination/blank problem and 
i t  is  not c l ea r  whether LC fractional was warranted by Level I c r i t e r i a .  In 
any event, the level o f  material was a t  t h e  borderline of c r i t e r f a  limits and 
LC fractionation on those samples showed only species associated w i t h  the 
blank could be identified.  S i t e s  306-308 were treated i n  the normal manner, 

Sites 309-313 were e l ec t r i ca l  generators powered by diesel engines. 
These s i t e s  as shown i n  Table 33 produced substantial  quantit ies o f  material, 
almost a l l  o f  which was collected i n  the XAD-Z/madule rinse sample. 
and extraordinary complex mixture produced the opposite problem in t h a t  i t  
taxed the Level I procedures t o  t h e  p o i n t  where very l i t t l e  useful informat ion  
was obtainbd. This is explained i n  de ta i l  below. 

T h i s  large 

O i l -  anrd Gas-Fueled Turbines (Sites 710-712, 306-308) - Infrared Analysis -- 
Infrared spectra were obtained on the nonvolatile restdues o f  both the original 
organic samp‘l e concentrates and a1 1 l i q u i  d chromatography sample fractions.  
A l i s t i n g  o f  classes o f  compounds ident i f ied i n  these spectra is provided i n  
Table 36. O f  the compounds l i s t e d ,  benzoates, phthalates,  and glycols a re  
contaminants comonly found i n  blanks, and they s h o u l d  not be considered as 
emissions. These compounds a r e  ubiquitous, e.g., phthalates are  common plas- 
t i c i z e r s ,  and avoiding contamination by them is  extremely d i f f i cu l t .  
i s  fpom the par t i  a1 decomposition of ,the chromatographic column. Because t h e  
column packing i s  s i l i c a  gel w h i c h  is s l i g h t l y  s o l u b l e  i n  alcohols ar.d acids,  
s i l i c a  is  generally found i n  f ract ions 6-8, 

Sil ica  \ 

t r u m  
only 
a1 ky 

case 

The infrared spectra o f  samples f o r  Sites 306 through 308 were obtained 
on a spectrometer which ,  a1 though i n  conformance w i t h  instrument specifications 

o f  the very small amounts o f  material available.  Table 37 shows t h a t  
very intense absorption bands were noticeable, such as  those produced by 

’ f o r  Level I[ analysis ,  was insuff ic ient ly  sensitive t o  produce a readable spec- 

and aryl groups and C=O and C-0 st retching,  

L i q u i d  Chromatoqraphic F r a c t i o n a t i o n  - Oil-Fueled Gas T u r b i n e  -- In the 
o f  Sites 110 through 112, the level o f  contamination i n - t h e  resin was con- 

sidered too great  f o r  a fractionation procedure t o  provide useful information. 
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Liquid chromatographic separat ions were performdd on the mixed XAD-2 resin 
ex t r ac t  and the module rinse samples from t h e  o i l - f i red  u n i t s  a t  S i t e s  306, 307 
and 308. 
material t o  be i n  the nonvolat i le  portion. There is no apparent trend among 
these samples a s  t o  what f r ac t ion  contains the most material ,  although fract ions 
1 and 6 a r e  reasonably heavy i n  a l l  three cases. Fraction 1 contains almost 
a l l  a l i pha t i c  and some aromatic hydrocarbons; f ract ion 6 contains such polar 
species as  esters and o the r  carboxylic acid der ivat ives ,  aldehydes and ketones, 
phenol i cs and amines. 

The ana lys i s  resu'lts, i n  Table 38, showed the predominant amunt  of 

Organic Analysis o f  Diesel Enqine  S i t e s  309-313 -- The data tabulated i n  
Table 33 show t h a t  substantial quan t i t i e s  of material were col lected in the 
XAD-2 moldule rinse samples and, a s  a result, l i q u i d  chrornotographic (LC)  separ- 
a t ion was required f o r  a l l  sites. In addi t ion,  the nonvolati le organic material 
averaged 7.6 g per s i te  which is  30-760 times greater  than t h a t  which was 
routine1:y found i n  previous sites. As a result, the al iquot ing procedure 
yielded samples t ha t  were f a r  too concentrated f o r ' t h e  LC columns that were 
used. T h i s  caused the columns t o  overload and no meaningful separation was 
effected. A second set of columns was run w i t h  less mater ia l ,  b u t  the large 
amount o f  hydrocarbon o i l s  present overloaded the ear ly  s tages  (Fractions 1-3) 
of t h e  columns, and again prevented any meaningful in te rpre ta t ion  of the data. 
T h i s  smearing of components throughout the LC f rac t ions  i s  i l l u s t r a t e d  i n  
Table 39 which t abu la t e s  the infrared assignments for these columns and where 
i t  is  c l ea r ly  evident t h a t  the same components a r e  present i n  a77 f ract ions.  
More detailed assignments could not be made due t o  the extraordinary complexity 
of  the mixture and the lack o f  resolut ion on the instrument t h a t  was used. 

Simiilar results were obtained from the Level I1 tests a t  S i t e s  309, 312, 
and 313. 
be compared w i t h  results from o i l - f f r ed  t u r b i n e  Sites 306-308. Large amounts 
of hydroc:arbon o i l s  again caused smearing i n  the LC separations.  IR in te r -  
pretat ions of LC f r ac t ions  from Sites 309-2, 312-2, and 313-2 are presented i n  
Table 39. 

Table 38 presents a sumary  o f  LC, Tco, and GRAV results which may 

7 07 



c 
A - ? T  
m m o  

? 
I * +  m m -  

Nc3 
N c3.m 
c 

x 
4s 0 0  t i - +  

* * *  t t t  t t t  . .  
- 0  

QI 
N 

m o o  
,019 

m 
m 

c c  

d G 0  
N 

= - -  
m 

IC) 
d 3 
C O * h  

m e  
IC) 

c 

, ‘ 9 .  3 
= N o  

(0 
m 

m - 0  
A ? ?  

h 

m l n v )  
A ? ?  
c 

a h 
0 c ‘ 9 +  

N 
N 
m 

- c u m  
0 

s 
c 

O h d .  
w 
c 

w m 
A ‘ 9 G  
0 0  

h 
d m m c o -  * 

h al 

o m -  * 
? ? Y  

W C  

0 
cv 

m t -  
IC) 

;r: Q’ 9 

h 
m N a 

c 
d r ?  
0 0  

0 

0 0  
A ? ?  u ) +  

d 
a c q h m  

0 G . C ;  
I - -  

h u) 

O O N  co 
Y?”: a d m 0  m .  m -  

m 

h m 
0 

0 0  
“ ? ?  m 

OI 
N 
c 

4 - 0  m .  
0 0  

0 cu 

O h N  
7 c 9 Y  

h 

m h meum 

* 0 & r :  
e +  

0 

h 
01 * cn 

0 0  
m 

0 

0 0  
- r ? O  m 

m 
0 
* +  In * 

* ‘ o m  
In 

9 
c 

m 
Y 

- 1 0  
‘ W  

0 
U 
I- 

b 
0 

-Y 
u fa 

b 
0 
al 
v) 
S 

0 al 
c) 

c 

m 

?! - 
U 
VI 

I 

c 
W 
w 
0) 
d 

2 
b 
Y 

b 
0 
Y 
L 
m a. 
L m 
UI c 
0 

0 c 

c 

v) 
.e 

co 
c 
0 
Y 
u 
10 
L 
I& 

- 

ln - UI 
m 

- 0  h 

O C  m o o  d 
0 - a  
c u m m  
NOI 

m 
o m 0  m m u l  - m  

, . .  
m - 0  

c 

m 
E 
\ m m E  E 

- 
E 
1 
m m e t  E 

d Z J  
u a o  + a +  

- -  5 o a u  u- a o + a +  

a 
n 

a 
I =  
h +  
OCT m x  

108 



F k 

r a m - 

a 
E "  

- 0  
0 - -  - *  
0 0  
U P 0  L W  * * -  
- 0 L  
W o -  

m c r n  

z z  
c c z  

~ u r n  
U L P  
n - -  

m 

109 



In order t o  further iden t i fy  potential  components o f  these mixtures, a 
selected set o f  1 iquid chromatographic f rac t ions  were analyzed by low resolu- 
t ion  mass spectroscopy. These results are shown i n  Table 40. Again the 
specifics assignments could not be  made due t o  the complexity o f  t h e  mixtures. 
However, i t  i s  c l e a r  t ha t  the major portion o f  the sample consists o f  hydro- 
carbon o i l s  and aromatic compounds. Previous experience indicates t h a t  the 
presence o f  dioctyl ph tha la te  and f a t t y  acid esters a r e  the result of  sample 
contamination. 
esters a r e  ingredients i n  many hand lo t ions .  Thus, contamination by these 
compounds is d i f f i c u l t  t o  prevent. 
and the contamination problems, assignments should be considered tentative.  

Dioctyl phthalate is a common plasticizer, and f a t t y  acid 

Because o f  t h e  complexity of the samples 

- Gas Ckromotoqraphy/Mass Spectroscopy (GC/MS) f o r  Polycycl i c  Organic 
Matter (POM) -- A71 samples obtained a t  the o i l  and gas-fueled gas turbine faci-  
l i t i e s  and which were subjected t o  TCO and gravimetrics analysis  were analyzed 
by GC/MS f a r  POM compounds. 
samples was not possible by t h e  normal procedure used on this program because 
t h e  hydrocarbon oils masked t h e  POM spectra  t o  t h e  point of preventing 
unequivocal i den t i f i ca t ion  and quant i f icat ion.  As a result, a POM clean-up 
procedure, as  developed by Battelle-Columbus, was used t o  remove the o i l s .  
T h i s  consisted of separat ing 10 percent o f  t h e  sample on the standard Level 1 
l i q u i d  chrornotography column and combining f rac t ions  2, 3 ,  and 4. This  
resul ted i n  substant ia l  improvement i n  the samples, but column smearing o f  

Gas chromatography/mass spectroscopy on these 

t h e  hydracarbon oils s t i l l  compromised the results shown i n  Table 41. How- 
ever,  because a71 components t h a t  were found were several orders o f  masnitude 
below the level of concern (see Section 4 . 3 . 4 ) ,  these data are considered 
adequate. 

- Level I1 Organic Analysis by GC/MS -- Table 41 a l so  presents summary 
results a t  the Level I1 GC/MS analyses. 
Appendix Tables 0-76 t o  D-21. 
unsaturatled hydrocarbons and aromatics. 

Detailed results a r e  given i n  

Some POM compounds were detected b u t  
The samples cons is t  mainly of saturated and 

only a t  very low levels. 
sample composite which included t h e  XAD-2 r e s in  extract. 
organic material were found i n  the condensate ex t rac t ;  and the blanks were 
unusually clean. 

The majority o f  organic material was found i n  the 
Only low leve ls  o f  

The majori ty  o f  aromatics found were subst i tuted 
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c 

naphthalenes , and the hydrocarbons were for the most par t  saturated branched 
and straii g h t  chaf n molecules . 

Some oxygenated organics were found which can be c lass i f ied  a s  aromatics - 
aldehydes; and esters, including phthalates. The phthalates a re  ubiqui tous ;  
their  souirce is indeterminate, and it is questionable whether they a re  actually 
p roduc t s  of combustion. Oxygenates found i n  the orfgfnal samples were also 
found i n  the LC f ract ions.  
were found. 

\ 

However, no other heteroatomic organic compounds 

As an example o f  the complexity o f  the capi l lary GC/MS data. Figure 10 
shows the reconstructed gas chromatogram for sampl e 309-2-XRPF-MRPR. Figure 17 
is  a mass chromatogram o f  the same sample f o r  M/e = 57 which shows the 'presence 
o f  nonaromatic (i .e., saturated and unsaturated) hydrocarbons. 
data presentation i l l u s t r a t e s  a t  a glance the a m o k  o f  hydrocarbon compounds 
present i in  the sample. 
compaunds detected (Figure 10) a r e  saturated strai @t chain and branched 
hydrocarbons (Figure 11 ) . 

This type of 

Comparing Figures 10 and 11 shows t h a t  the bulk o f  

The detection l imit  f o r  these Level I1 analyses has been established a t  
0.05 ,g/m3 based on the  analysis  of standards. T h i s  detection l imit  i s  based 
on instrument performance only and does not  consider sample losses d u r i n g  the 
preparation phase o r  the efficiency of  the sampling device. 

It was noted e a r l i e r  t h a t  Level I1 analysis techniques were n o t  suff i -  
c ient ly  we71 defined for analyzing the nonvolatile residues of  the Level 11 

samples. However, an ind i rec t  measure of the composi t ion  o f  these higher 
boiling organic  organic compounds can be made by assuming t h a t  h i g h  molecular 
weight nonivolatile species would be represented by lower molecular we igh t  
homologues. 
s h o u l d  consist o f  hydrocarbon t a r s ,  primarily s t ra ight  and branched chain 
compounds w i t h  some aroma t i c  speci es a t  1 ow concentrati ons . 

J 

Eased on this  assumption, the nonvolatile portion o f  the sample 
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4.3 ANALYSIS OF TEST AND DATA EVALUATION RESULTS 

4.3.1 Emissions o f  Criteria P o l l u t a n t s  - 
$ 

The p a r t i c u l a t e  and t o t a l  o rganics  emissions data c o l l e c t e d  i n  this 
sampling and a n a l y s i s  program f o r  in t e rna l  combustion sources  are presented i n  
Table 42. 
of sulfur i n  the fuel, are a l s o  presented. 

In addi t ion ,  t b e  SO, emissions,  c a l c u l a t e d  f r o m  the weight percent 

As shown i n  Table 42, data  v a r i a b i l i t y  f o r  p a r t i c u l a t e ,  SOx, and total 
organics  emissions is l a r g e  f o r  t h e  d i s t i l l a t e  o i l - fue led  gas  turbines tested. 
By comparing these emissions data  w i t h  t h e  e x i s t i n g  emissions data presented 
i n  Table 72, i t  may be noted t h a t  t h e  SO, emissions data a r e  w i t h i n  the range 
of e x i s t i n g  eimissions data,  whereas the particulate da ta  show lower emissions 
and the to t a l  organics  da t a  show higher  emissions t h a n  the e x i s t i n g  data. The 
l a r g e r  v a r i a b i l i t y  f o r  p a r t i c u l a t e  and SO, emissions a r e  the result of inherent 
v a r i a b i l i t y  i n  the ash and sulfur conten t  o f  the JP-5 fuet used, and the f i v e  
data po in t s  acquired provide a va luable  add i t ion  t o  the e x i s t i n g  data base. 

I t  may a l s o  be recalled t h a t  f o r  three of the f i v e  d i s t i l l a t e  o i t - fue led  
gas turbines tested 
a d d i t i v e  was used t o  reduce visible smoke emissions.  
emissions were lower than those normally found. 
o t h e r  hand, were higher  than those i n  the e x i s t i n g  da ta  base f o r  two reasons. 
F i r s t ,  some o f  the d i s t i l l a t e  o i l - fue l ed  gas turbines tested were not  
funct ioning properly,  as ind ica ted  by the high C2 emissions f o r  Si te  Nos. 306 
(C2 = 50.5 ppmv) and 307 (C2 = 17 - 3  ppmv). 
emissions deteinined by previous i n v e s t i g a t o r s  were obtained using gas 
chromatography w i t h  flame ion iza t ion  de tec to r ,  and some of  the heavier hydro- 
carbons were probably condensed i n  the sampl ing 1 ine-and n o t  measured*. 
s l i g h t  malfunctioning o f  some d i s t i l l a t e  o i l - fue l ed  gas turbines, however, may 

represent the real s i t u a t i o n  f o r  the e lectr ic i ty  generation t u r b i n e  population. 

( S i t e  Nos. 171 306, and 307),  an organic  manganese 
Hence t h e  p a r t i c u l a t e  

The organic  emissions,  on the 

Second, the t o t a l  hydrocarbon 

The 

~ * 
The t o t a l  hydrocarbons normally repor ted  may be equiva len t  t o  t h e  C1-C6 hydro- 
carbons measured by TRW/GCA i n  the field.  

116 



TABLE 42. SUMMARY OF EMISSION FACTOR DATA FOR PARTICULATE, SOX AND 
TOTAL ORGANICS FROM INTERNAL COMBUSTION SOURCES TESTED 

Emission Factor, ng/ J 

Total 
X Organics so Combusti on Site 

. Source Type No. Parti  cul ate  

#110 ND ND 17.1 Gas-Fuel lid 
Gas T u r b i n e  

D i s t i  1 1 a t  e - 8111 21.4 28.5 27.9 
O i  1 -Fur57 ed 
Gas T u r b i n e  8112 4.2 

8306 2.1 
30.6 9.0 
~ 4 . 2  57.8 

#307 2.6 c4.2 2.8 
#308 4.9 ~ 4 . 2  7 . 5  

Mean 2 7.0 14.3 21 .o 
5 (3 . 3.6 6.2  10.2 
ts(x')/x' 7.4298 7.2038 1.3425 

~~~ 

Distil 1 a t e  O i l  #309 
Reciprocating 
Engine #310 

#311 

71 .o 
20.8 
33.0 

83.1 47.7 
153.1 65.9 
153.1 74.1 

#312 6.6 67 .2  54.6 
#313 10.0 74.3 54.4 

f309-2 10.8 83.3 58.2 
#312-2 8.8 106.3 45.8 
831 3-2 11.5 97.0 54.4 

Mean Z 14.1 101.4 56.9 
s (3 3.1 72.2 3 . 3  
t S ( Z ) / i ?  0.5176 0.2856 0.1366 

~ 

ND .- Not determined 

s(2 )  
ts(;)/Z := Var iab i l i t y  

:= Standard deviation o f  the mean 

1 I? 



The h i g h e r  total  o rgan ic s  emissions data should t h e r e f o r e  be included i n  the 
usabl e data  base. 
da ta  point  on tota? o rgan ic s  emissions i s  well wi th in  the range of e x i s t i n g  
emissions data f o r  t o t a l  hydrocarbons presented i n  Table 11. 

For el ectri ci t y  generat ion gas-fuel ed gas turbines , the one 

For electricity genera t ion  d i s t i l l a t e  o i l  r ec ip roca t ing  engines,  e x i s t i n g  
data on p a r t i c u l a t e  and SOx emissions are not ava i lab le .  Variability f o r  the 
particulate m i s s i o n s  data c o l l e c t e d  i n  this program is 0.52 and is considered 
acceptable.  Variability f o r  the SO, emissions data is 0.26 and is considered 
acceptable.  Variability f o r  the t o t a l  o rganics  emissions is a l s o  less than  0.7. 
In fact, a l l  the o rgan ic  emissions data co l l ec t ed  a r e  we71 w i t h i n  the range o f  
e x i s t i n g  organic  emissions data presented i n  Table 20. 

In Table 43, the emission f a c t o r s  fo r  gas and d i s t i l l a t e  o i l - fue led  gas 
tu rb ines  ca l cu la t ed  from d a t a  col’lected i n  t h i s  program and the emission 
f a c t o r s  derived from e x i s t i n g  data a r e  compared with the EPA AP-42 emission 
f a c t o r s  (Reference 23) .  
emission f a c t o r s  were a l l  based on the Southwest Research I n s t i t u t e  ( M I )  
data (References 11 and 1 6 ) ,  whereas the emissions data f o r  the McGowin and 
Durkee repor t s  (References 15 and 3)  i n  add i t ion  t o  the SUR1 data have been 
used i n  t h e  computation o f  the e x i s t i n g  data emission f ac to r s .  As noted i n  

Table 43, the EPA and t h e  emission f a c t o r s  ca l cu la t ed  from e x i s t i n g  da ta  are 
almost identical f o r  i ndus t r i a l  gas-fuefed gas turbines. 

For indus t r ia l  gas-fueled gas ,turbines, the EPA 

For indus t r i a l  d i s t i l l a t e  o i l - fue l ed  gas tu rb ines ,  the EPA and e x i s t i n g  
da ta  emission f a c t o r s  f o r  NOx a r e  again almost i d e n t i c a l ,  b u t  the e x i s t i n g  
da ta  emission f a c t o r  f o r  hydrocarbons i s  79 percent lower and t h a t  f o r  CO i s  
114 percent higber t h a n  t h e  EPA emission f a c t o r s .  
f a c t o r s  f o r  CO and hydrocarbons should be considered more r e l i a b l e  than the 
EPA emission f a c t o r s ,  because t h e  e x i s t i n g  da ta  base for CO and.hydrocarbon 
emissions i s  aldequate and the basis f o r  the EPA emission f a c t o r s  is not  well 

documented. 

The e x i s t i n g  data  emission 

For e lec t r ic i ty  genera t ion  gas-fueled gas turbines,  the one data point 
collected on emissions o f  t o t a l  organics  i s  i n  good agreement w i t h  the mean 
emission f a c t o r  for hydrocarbons based on e x i s t i n g  data .  
a l s o  good agreement between t h e  EPA and the e x i s t i n g  da ta  emissions f a c t o r s ,  

Generally,  there is 

17 8 



TAIBLE 43. COMPARISON OF CRITERIA POLLUTANT mrssror~s FACTORS FOR 
GAS AND DISTILLATE OIL-FUELED GAS TURBINES 

Emission Factor, ng/J 
Combu s t i c) n 
Source Type Data Source HC cu Part SO" 

Indus tri a1 
Gas-Fueled Existing Data 130 8.6 48.8 NO ND 

EPA 123 9.4 49.1 NO 0.26 

207 3.6 101 NO ND E x i s t i n g  Data 

EPA 208 17.0 47.7 15 .3  430s 

ND 11.1 NO ND NO Current Study 
E x i s t i n g  Data 

Gas Turbines 

In d u s  t ri ai 7 
D i  s t i  11 at:e 
Oil-Fueleld 
Gas Turbines 

/ 

i 

1 fia 15.0 29.7 5.1 4 .4  

14.7 ~ 2 9 . 7  5 .1  4 .4  

E7 ec t r i  c i  t y  
Generation Combined 
Gas-Fuel ed Existing Data b 168 
Gas Turbines  Current Study 

EPA 

Current Study 

169 17.2 47.0 5.7 0.26 

ND 21 .o NO 7.0 14.3 

31 1 4 .6  20.1 15 .5  41 .O 

11.1 20.1 13.0 33.1 

E7 ec t r i c i ty  Ex i s t ing  Data 
Gsnerati on 
D i  s t i  11 a t e  
O i  1 -Fuel etf 
Gas T u r b i  lies 

Comb i ned 
Existing Oata & 371 
Current Study 

208 17.0 47.1 15.3 ~ 430s EPA 

NO - No data 

S - Weight percent o f  sulfur in fuel 
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except i n  t h e  case o f  SO, emissions. The €PA emission factor  for SO, was- 
calculated by assuming an average na tura l  gas sulfur content of 4,600 9/10 6 3  m , 
and should be considered t o  be more representative than the SO, emission factor 
calculated us ing  two ex is t ing  data poin ts .  

For el ec t r i  c i t y  generati on d i  stf 11 ate oi  1 -fuel ed gas t u r b i  nes , the EPA 
emission factors are  ident ica l  t o  the €PA emission factors f o r  industr ia l  
d i s t i l l a t e  oi ?-fueled gas t u r b i n e s .  
current study for hydrocarbons are h igher ,  and for  particulates and SO, are  
lower than thie corresponding emission factors  based on existing data. 
lower par t iculate  and SO, emission factors obtained i n  this program are  due 
t o  the low ash  and sulfur content o f  the JP-5 fuel used in the f ive  d i s t i l l a t e  
o i  1-fueled gas t u r b i n e s  tested. Emission factors  based on combined current 
study and existing data are i n  reasonably good agreement w i t h  the EPA emission 
factors  for hydrocarbons and par t iculates .  
current study and exis t ing data corresponds t o  an average sulfur  content of 
0.08 weight  percent f o r  the d i s t i l l a t e  oi ls  used as tu rb ine  fuel. The existing 
data NO, emission fac tor  is 50 percent h i g h e r  than the €PA NO, emission factor,  
and the existing data CU emission factor  is 57 percent lower than the EPA CO 
emission factiw. Again, the exis t ing data emission factors f o r  NO, and CO 
s h o u l d  be considered more r e l i ab le ,  because the  existing data base for NO, and 
CO emissions ‘is adequate and the qual i ty  o f  the data sources for the €PA 

emission factors cannot be readi ly assessed. 

By comparison, emission factors from the 

The 

The SO, emission factor  based on 

In Table 44, the emission factors for d i s t i l l a t e  oil  reciprocating engines 
calculated frcrm data collected i n  t h i s  program and the emission factors for 
reciprocating engines derived from existing data are  compared w i t h  the EPA AP-42 
emission factcirs (Reference 2 3 ) .  For industr ia l  gas engines t h e  €PA emission 
factors were a 1 7  based on t h e  Southwest Research Ins t i tu te  (SWP.1) data (Refer- 
ences 11 and 1 6 )  and t h e  data reported i n  the Standard S u p p o r t  Qocument and 
Environmental Impact Statement f o r  Stationary Reciprocating Internal Combus- 
tion Engines (Reference 6 ) ,  whereas the emissions data from the YcGowin report 
(Reference 7 5 )  i n  addition t o  the above data sources have been used i n  the 
computation of  the e x i s t i n g  data emission factors.  
emission factors are almost identical  

The  €PA and existing data 
except i n  the  case o f  CO emissions. The 

120 



TABLE 44. COMPARISON OF CRIlERIA POLLUTANT EMISSION FACTORS 
FOR GAS AND DISTILLATE OIL ENGINES 

Emission Factor, ng/J 
Cornbu st i on 
Source Type 

Data 
Source HC co Part sox 

Existing 1550 528 340 ND 

EPA 1390 573 176 ND 
~ Data Indus t r ia l  

Gas Engines 
ND 

0.26 

Ex i s t i  ng 1390 51 266 ND ND 
Data I ndus tr  i a 7 

D i  st i 7 1 ate 
Oil Engines EPA 1420 115 312 102 430s 

Exi s t i  ng 1550 528 - 340 ND NO 
Data E l  ectri c i  t y  

Genera t i on 
Gas Engines EPA 1230 17 47 5.7 0.26 

E l e c t r i c i t y  
Generati on 
D i  s t i  11 a t e  
O i l  Engines 

Current Study ND 
Existing 
Data 
Combined 

1390 

Exis t ing  Data 1390 
and Current 
Study 

EPA 1420 

56'. 9 
57 

52 

115 

ND 
266 

266 

31 2 

14.1 
ND 

14.1 

1 02 

101 
ND 

101 

430s 

7 21 

ND - No data 

S - Weight percent o f  sulfur i n  fuel 



primary reasons fo r  the lower €PA CO emission factor were the exclusion of a 
number o f  high CB emission data points  reported i n  Reference 6 and the exclusion 
of the CO emission data i n  the McGowin report, 
f o r  the exclusion of these CO emission data poin ts ,  t h e  h ighe r  CO emission 
factor based on a larger number o f  data p o i n t s  is considered t o  be more repre- 
sentative off the emission characterist ics o f  t h e  to ta l  gas engine population. 

As no explanation was given 

In the current emissions assessment prugram, emissions f r o m  industrial and , 
electr ic i ty  reciprocating engines are  eval uated together, because o f  the  con- 
siderable over-lapping i n  size ranges f o r  these two user sectors. 
data emission factors fo r  industrial and e lec t r ic i ty  generation gas engines 
are therefore identical. The €PA emission factors f o r  industrial and e lectr i -  
c i t y  generation engines, however, are different. 
gas engines, the EPA NO, emission factor is  s l i g h t l y  lower than t h e  EPA NOx 
emission factor f o r  industrial gas engines and the existing data NOx emission 
factor for indiistrial /el ectrici ty generation gas engines. , Comparison of the 
EPA emission fi3ctOrs presented i n  Tables 43 and 44 also shows tha t  f o r  hydro- 
carbon, CO and particulate emissions, EPA assumed identical emission factors 
f o r  the electr ic i ty  generation gas turbine and gas engine categories. 
assumption is only reasonable when emissions data a re  no t  available, as i n  the 
case o f  particulate emissions from gas engines, because the emission charac- 

The existing 

For e lec t r ic i ty  generation 

T h i s  

t e r i s t i c s  for gas turbines and gas engines are quite different. 
industrial/elet:tricity generation gas engines, the existing data emission . 
factors f o r  NO:,, hydrocarbons and CO are  considered t o  be more reliable t h a n  
the corresponding EPA emission factors,  especially because the existing 
emissions data base for  these pollutants is adequate and contains over 70 data 
po in t s .  
the €PA emission factors f o r  these pollutants may be used. 

For 

Particulate and SOx emissions from gas engines are insignificant and 

For d i s t i l l a t e  o i l  reciprocating engines, emissions from the i n d u s t r i a l  
and e lec t r ic i ty  generation sources have been assumed t o  be identical by b o t h  
EPA and in the evaluation o f  existing data. Adequate NOx, hydrocarbon, and 

the existing data base. The existing 
about the same a s  the cor responding  €PA 
44, t h e  hydrocarbon emission factor 

CO emissions da ta  are available from 
data NOx and CO emission factors are 
emission factors.  As noted i n  Table 
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obtained fFom the f i e l d  tests i n  the current program is almost identical t o  the 
existfng data hydrocarbon emission factor. Both the current study and existing 
data hydrocarbon emission factors  a r e  approximately half of the EPA hydrocarban 
emission factor. For par t icu la te  and SO, emissions, usable e x i s t i n g  data a re  
not availlable, The par t icu la te  emission factor ,  obtained from the eight f ield 
tests i n  the current program, is only 14 percent o f  the EPA par t icufate  emission 
factor. The SO, emission f ac to r  o f  101 ng/J from t h e  current study corresponds 
t o  a diesel fuel sulfur content o f  0.24 percent. When there are differences i n  
emission factors, emission factors  based on combined current study and existing 
emissions data are considered t o  be more r e l i ab le ,  primarily because o f  the 
unknown quali ty o f  the data base f o r  the EPA emission factors.  

The significance of the emissions o f  c r i t e r i a  pollutants from the indus- 
t r i a l  and e l e c t r i c i t y  generation internal combusti.on sources can be assessed 
us ing  the source severi ty  concept- The source severity concept has been d i s -  
cussed i n  Section 4.1, and detai led methods for the calculation o f  source 
severity factors a re  described i n  Appendix A. Basically, the source severity 
factor  is de f ined  as the r a t i o  o f  the  calculated maximum ground level concen- 
t ra t ion  o f  thue pollutant species t o  the level a t  which a potential environmental 
hazard ex'ists. Source sever i ty  factors  below 0.05 a re  deemed insignificant.  

Source severity factors  f o r  the c r i  'ceria pol 1 utants have been calculated 
u s i n g  emission factors based on combined current study and existing emissions 
data. 
from gas-fuel ed internal combustion sources. 
factors ,  als presented i n  Table 45,  indicate that  the major pollutant from 
i nternal c:ombusti on turbines and reci procati ng engi nes i s  nitrogen oxides . 
Significant amounts o f  hydrocarbons a re  also produced, especially i n  the case 
o f  reciprocating gas engines. For d i s t i l  l a t e  o i l  reciprocating engines, source 
severity factors f o r  SO, emissions a re  greater than 0.05, i n d i c a t i n g  t h a t  these 
pollutants a r e  o f  some concern and may require evaluation o f  control needs. 
In general, emissions o f  c r i t e r i a  pollutants from reciprocating engines are 
f o u n d  t o  have greater potential  environmental impact  t h a n  emissions from t u r -  
bines.* W i t h  the combination o f  current study and e x i s t i n g  emissions data,  the 
data base f o r  emissions of c r i t e r i a  pollutants from internal combustion sources 

EPA emission factors  were only used f o r  par t iculate  and SOx emissions 
The cal cul ated source severity 

is now adequate, and there is  no need f o r  additional t e s t s .  
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4.3.2 Emissions o f  S03, Particulate Sulfate, and Fine Particu7ates - 
Data on the composition of SO, from combustion sources indicate tha t  from 

90 t o  100 percect of emitted SO, is  s u l f u r  dioxide. The remaining fraction o f  
SO, emissions is s u l f u r  t r i ox ide  and its derivatives. The main sulfur trioxide 
derivative i n  effluent gases from combustion o f  disti . l late o i l  is sulfuric 
ac id ;  met,allic s u l f a t d  appear t o  be direct ly  emitted only i n  trace quantities. 
Since sulfur trioxide combines w i t h  water vapor i n  the f lue gas t o  form sulfuric 
acid vapor  a t  temperatures below 400°C, reported values o f  sulfur trioxide 
emissions are generally equivalent t o  sulfur ic  acid emissions. As the flue gas 
is cooled below its dew p o i n t ,  a mist o f  sulfur ic  acid particles would begin t o  
appear. Depending on the sampling temperature and procedure, the particulate 
sulfates collected would include a l l  t h e  metallic sulfates and some o r  a l l  o f  
the sulfuric acid aerosols, 

For d i s t i l l a t e  oi!-fueled gas turbines, i t  has been determined i n  the 
evaluation of  existing data that  an average of  3-87 percent o f  the sulfur con- 
tent  i n  the fuel is  converted t o  SO3. 
engines, an  average of 2.13 percent o f  the fuel sulfur content was found t o  be 
converted t o  SO3, based on a s ingle  set o f  existing data. 
gas-fueled internal combustion sources are insignificant because o f  the low 
sulfur content o f  natural gas, 

For d i s t i l l a t 6  o i l  reciprocating 

SO3 emissions from 

In Table 46, the particulate sulfate  emissions data obtained i n  this 
sampl i n g  aind analysis program are  presented. 
reported here represent the total  sulfate  collected i n  the particulate f i l t e r ,  
which includes metallic sulfates as well a s  a small amount of sulfuric acid 
aerosols. As noted i n  Table 46, only a small fraction o f  the sulfur in the 
fuel i s  colnverted t o  metallic sulfate. 

The particulate sulfate data 

As discussed previously, t h e  Goksoyr-Ross control1 ed condensation t r a i n  
was used f o r  t h e  measurement o f  SO3 emissions from three diesel engine s i tes .  
For Site No. 309-2, SO3 was no t  detected from condensation coil rinse. This 
was probably because the condensation coil was maintained a t  a temperature 
above the dew p o i n t  f o r  HdS04, and as a result none of t h e  H2S04 present w a s  

collected. 
collected, and i t  was determined t h a t  0.99 and 1.07 percent o f  the fuel su l fu r  
were converted t o  SOj, respectively, 

For Sites Nos. 312-2 and 313-2, sufficient quant i t ies  o f  H2S04 were 

The combined current s tudy  and existing 
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TABLE 46. SUMMARY OF EMISSION FACTOR DATA FOR 
PARTICULATE SULFATE FROM INTERNAL 
COMBUSTION SOURCES TESTED* 

Emission sulfur i n  P a r t i c u l a t e  SO; 
Combustion S i t e  Factor 
Source Type No . (ng/J 1 S u l f u r  i n  Fuel 

D i s t i l l a t e  Oiil 
Fueled Gas 
Turbine  

#172 
#306 
#3 07 

0.335 
0.030 
0.01 1 

0.731 % 
4.476% 
>0.175% 

#30a 0.077 > 7  .222% 

0.113 
0.075 
2.1743 

0.6512 
0 . 222% 
1.0835 

D i  sti 11 a t e  O i  7 
Reciprocating 
Engine 

#309 
#37 0 
#317 
#312 
#37 3 

0.383 
0.520 
0 .' 977 
0.268 
0.468 * 

0.308% 
0.226% 
0 . 423% 
0.292% 
0.420% 

0.522 
0.120 
0.6305 

0.334% 
0 . 038% 
0.31 90 

f 
The p a r t i c u l a t e  s u l f a t e  data reported include metallic su 
amount o f  condensed sulfuric ac id  aerosols .  
s (3 
t s ( z ) / ?  - Variability. 

- Standard dev ia t ion  of  the mean. 
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data indicate an average of 1.40 percent of the fuel sulfur is converted 
SO3 f o r  diesel engines, w i t h  a variabil i ty ts(z)/z of 1.13. Because of the 
lower oxygen level i n  reciprocating engines, the percent of fuel sulfur con- 
verted t o  SO3 is also lower f o r  diesel engines than f o r  d i s t i l l a t e  oil-fueled 
gas tu rb i  ines . 

The source severity factors for  SO3 emissions from e lec t r ic i ty  generation 
and industrial d i s t i l l a t e  o i l  t u r b i n e s  can be calculated by using a mean SOx 

emission factor o f  33.1 ng/J and an average conversion factor of 3.81 percent 
o f  sulfur content o f - t h e  fuel t o  SO3- The SO3 emission factor calculated on 
this basis is  1 .SI ng/J. The source severity factors f o r  SOg are computed t o  
be 0.056 and 0.78, respectively. 
form of sulfuric ac id  vapor and mist) f r o m  d i s t i l l a t e  oil-fueled gas turbines 
are potentially hazardous. 

T h i s  indicates that  SO3 emissions ( i n  t h e  

For diistillate o i l  reciprocating engines, the genera7 high sulfur content 
o f  diesel fuel would lead t o  h ighe r  SOg emissions. 
diesel fuel sulfur content o f  0.24 percent and an average conversion factor of 
1.40 percent of fuel sulfur t o  SO3. the SO3 emission factor for  diesel engines 
is calculated t o  b e  1.77 ng/J. Using t h i s  emission factor,  t h e  source severity 
factors f o r  SOj emissions from e lec t r ic i ty  generation and industrial d i s t i l l a t e  
o i l  reciprocating engines a re  computed t o  be 0.23 and 0.18, respectively. 

By assuming an average 

In the evaluation o f  existing data, i t  has been determined that  a t  least 
90 percent o f  the particulate emissions from d i s t i l l a t e  o i l  turbines are 
submicron i n  size. 
mation on the size o f  t h e  particulates emitted, 
e t  a7 on a diesel engine, however, d i d  indicate t h a t  approximately 7 5  percent 
by weight (of the particulate emissions were less than 1 pm i n  s ize,  and 
approximately 25 percent b y  weight  o f  the particulate emissions were less t h a n  
3 
either d i s t i l l a t e  o i l  t u r b i n e s  o r  d i s t i l l a t e  o i l  engines can be considered as  
f ine particulates, \ 

For diesel engines, there is on ly  l imited amount o f  infor- 
The study conducted by Turley 

i n  skze (Reference 32) .  Thus, most o f  the particulate emissions from 
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4.3.3 - Emissions o f  Trace Elements 

Exist ing trace element data for  oil-'fueled internal combustion sources 
are generally inadequate- 
base far barium, beryl1 ium, cadmium, lead, magnesium, manganese and vanadium 
emissions is adequate; however, t b e  existing data bask f o r  the other  trace 
elements iis inadequate- 
elements a re  not  available- During t h e  current programS trace element emissions 
i n  the s t a c k  gases were measured. Trace element content of the d i s t i l l a t e  oils 
was also determined and potential emissions calculated. In almost a l l  cases 
the measured stack emissions were lower than t h e  potential emissions. 

For d i s t i l l a t e  o i l  turbines, the existing data 

For dist i l late o i l  engines, existing data on trace 

Trace element measurements on t b e  one gas turbine s i te  (Site No. 110) 
showed emissions tha t  could not  be  differentiated from the blank values i n  
most cases. 
than blank values, these emission factors a re  considerably lower than the 
corresponding trace element emission factors f o r  dist i l late oil-fueled gas 
turbines. 
gas t u r b i n e s  are well below 0.05. The conclusion is  tha t  emissions of trace 
el ements from gas-fuel ed gas t u r b i n e s  a re  negl i g i  bl  e when compared w i t h  total 
emissions of trace elements from al 1 internal combustion sources. Additional 
measuremenLs t o  improve the trace element data base for  gas turbines are there- 
fore unnecessary and estimates o f  trace element emission factors are o f  l i t t l e  
use. 

Even f o r  those elements f o r  which measured emissions were higher 

Source severity factors f o r  t race element emissions from gas-fue'led 

* In Table 47, the trace elements emissions data for the disti.7late o i l -  
fueled gas turbines tested i n  t h i s  program are presented. The emission factors 
presented are based primarily on the trace element content o f  the 3P-5 fuel 
used a t  the t e s t  f a c i l i i t e s ,  and represent maximum potential emission rates. 
A77 trace elements t ha t  could have been emitted a t  any single s i t e  i n  amounts 
above 50 pg/m (corrected t o  15% 02) are included i n  Table 47. 

also included i n  Table 47. The emission factors show t h a t  the JP-5 fuel for 
S i t e  No. 7 7 2  was contaminated w i t h  excessive amounts of b a r i u m ,  si l icon, 
a luminum,  magnesium, sodium, boron, and mercury. The emissions o f  these trace 

3 Trace elements 
tha t  are particularly hazardous (defined here a s  those w i t h  TLV < 1 mg/m 3 ) are 

elements from S i t e  No. 112 were considered t o  be out1  iers (using the method o f  
Dixon described i n  Appendix A )  and discarded in'the calculation of  the mean 
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emission factors. For S i t e  Nos. 171, 306 and 307, the manganese emission 
factors, were higher than  average values because Organic manganese fuel addi- 
tives were used i n  these three sites to suppress visible smoke emissions. With 
the possible exception o f  S i t e  NO. 307, emission factors f o r  calcium, potassium 
and sodium a l l  appear t o  be excessively high. 
maximum, 1ii”mit of 0.5 ppm i n  fuel has been set for  each of the cr i t ical  trace 
elements: vanadium, combined sodium and potassium, calcium, and lead. The 
maximum l imit  o f  0.5 ppm i n  fuel corresponds t o  a maximum emission factor o f  
712 ng/J. As noted i n  Table 47, the emission factors f o r  calcium, potassium, 
and sodium have exceeded t h e  712 ng/J limit a t  a77 sites except possibly 
S i t e  No. 307. 
are  well w i t h i n  the 172 ng/J l i m i t  for  a l l  the sites tested.  

AS discussed i n  Section 4.1, a 

On the o the r  hand, the emission factors  fo r  lead and vanadium 

In Table 48, t race  element emission factor  data f o r  d i s t i l l a t e  oil-fueled 
gas turbines based on combined current study and existing data are summarized. 
The calculated v a r i a b i l i t y  t s ( z ) / z  presented i n  Tables 47 and 48 shows that  the 
emissioins data base is adequate f o r  lead, barium, Cadmium, molybdenum, copper, 
vanadium, calcium, potassium, aluminum, magnesium, sodium, and beryl1 ium. Fur  
t race  element emissions where t h e  var iab i l i ty  is greater than 0.7, the u p p e r  
bound S,, for the mean source severi ty  factors have also been calculated from 

The results o f  these source severity calculations show that  
among the trace element emissions. Su < 0.05 f o r  antimony, arsenic, boron, 
bromine, chromium, cobalt ,  iron, manganese, mercury, selenium, t i n ,  and zinc. 
The emissions data base i s  therefore  also adequate for these trace el’ements. 
Trace ell ements f o r  which the emissions data base appears t o  be inadequa.te 
include nickel, phosphorus, and sil icon. These are the t race element emissions 

- 
= x‘ -+ ts(x’). 

w i t h  b o t h  the va r i ab i l i t y  ts(z)/x > 0.7 and S,, > 0.05. 
data f o r  these t race e’lernents can be obtained by analysis o f  fuel samples and  

f i e ld  t e s t s  a r e  n o t  required, 

A d d i t i o n a l  emissions 

The mean source seve r i ty  fac tors  f o r  t race e7 ement emissions from electr ic-  
i t y  generation and indus t r ia l  d i s t i l l a t e  o i l  turbines have been calculated using 
emission factors based on combined current study and existing emissions d a t a .  
A7 1 tracx el ements with cal cu’lated mean source severity factors  greater than 
0.05 a re  presented in Table 49- 
t race elements, nickel, copper, and phosphorus a re  the principal pol 1 utants. 

These calculations indicate tha t  among the 
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TABLE 48, SUMMARY OF EMISSION FACTOR DP,TA FOR TRACE ELEMENTS FROM 
ELECTRICITY XNERATT3N DISTILLATE 0 It- N ELED GAS TURBINES 
BASED ON COMBT-NED CURREFIT STUDY ANI) EXIST’IHG DATA 

- 
xu t s ( Z )  S ( Z )  - Trace Mean Emission 

.- 
X ’  (PO/J) E7 emen t Factor 2 ( P W )  

(pg/J) 
-- 

Pb 25 7.8 0.67 - 
Ea 8.4 2 . 6  0 .sEc - 
Cd 1.8- 0.52 0.52 - 
?ln 145 99 1 .A6 3 57 
v 1.9 0.63 0.73  - 
Mg 100 27 0.65 - 
Be 0.14 0.03 0.46 - 

s(‘i) - Standard devia t ion  o f  the mean. 
t s ( ? ) / Z  - Var iab i l i t y .  - - = + t s ( z ) .  xu values are not  computed for t r a c e  element emissions 

w T t h  t s ( z ) / g  5 0.7. 

TABLE 49. MEAN SOURCE SEVERITY FACTORS FOR TRACE ELEYENT 
EMISSIONS FROM DISTILLATE OIL-FUELED GAS TURBIP!ES 

~- ~ ~ 

Mean Source Sever i ty  Factor 

Trace En i s s i on TLV Elec. Gen. Indus t r i a l  
E7 ement Factor (mg/m3) D i s t i l l a t e  O i l -  D i s t i l l a t e  Oil- 

l(P¶/J 1 Fueled Gas Turbine Fue’led Gas Turbine 

cu 578 0.20 0.085 
Ni 52 E 0.10 0.16 
P 127 0.10 0.037 

0.28 

Q.51 
0.12 
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In Table 50, the t race  element emissions data f o r  the d i s t i l l a t e  oil 
engines tested i n  t h i s  program are  presented. Again, the emission factors pre- 
sented are based primarily on the trace element content o f  t h e  diesel fuel used 

a t  the t e s t  facil  ities. A l l  t race elements tha t  could have been emitted - a t  any 

1 mg/m ) are included i n  Table 50. The emissions data show tha t  among the  
trace elements, sodium, nickel, copper, iron, and silicon were emitted i n  the 
largest quanti t i es .  The calculated variabil i ty ts(x')/x' indicates that the 
emiss-ions data base is adequate f o r  lead, t i n ,  cadmium, bromine, copper, 
nickel, manganese, potassium, phosphorus,  aluminum, and mercury. 
element {emissions where the variabil i ty is {greater than 0.7, the upper  bound 
S, f o r  the mean source severity factors have been calculated. The  S, values 
calculated are f o r  e l ec t r i c i ty  generation d i s t i l l a t e  o i l  engines. The S, 
values for industrial d i s t i l l a t e  o i l  engines would be proportionally lower. 
The results of these source severity calculations show t h a t  Su e 0.05 f o r  a l l  
the rema-ining trace elements. Since a l l  trace element emissions either have 
their  variabil i ty ts(z)/z < 0.7 o r  Su < 0.05, i t  is  concluded that the data 
base for  trace element emissions f r o m  d i s t i l l a t e  o i l  engines is  adequate. 

s ing le  s i te  i n  amounts above 50 vg/m 3 or  are particularly hazardous ( T L V  s 
3 

For trace 

The impact o f  trace element emissions from d i s t i l l a t e  o i l  engines is 
assessed on the basis of  t h e  calculated mean source severity factors. All 
trace elements w i t h  calculated mean source severity factors greater t h a n  0.05 
are presented i n  Table 51. 
and copper emissions have t h e  greatest potential impact, whereas phosphorus  
emissions are  also o f  some concern. 

Among the trace elements, i t  is  seen that nickel 

The trace element emission factors f o r  d i s t i l l a t e  oil-fueled gas turbines 
I t  may be noted t h a t  f o r  and d i s t i l l a t e  o i l  engines are comoared i n  Table 52. 

almost every trace element, the emission factors f o r  the two internal combus- 
t i o n  categories a re  about the same magnitude. The single exception is  the 
difference between the emission factors f o r  manganese. 
factor  f o r  d i s t i l l a t e  o i l  turbines i s  h i g h e r  because o f  the use of organic 
manganese fuel a d d i t i v e s  a t  three o f  the f ive  s i t e s  tested. 
nese emission factor ,  based on existing data and s i tes  not employing manganese 
additives, i s  13 pgfJ f o r  d i s t i l l a t e  o i l  t u r b i n e s  as compared t o  the manganese 
emission .factor o f  16 pg/J f o r  d i s t i l l a t e  o i l  engines. The similarity between 

The manaanese emission 

The mean manga- 
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TABLE 52. COMPARISON OF TRACE ELEMENT EMISSION FACTORS FOR DISTILLATE 
OIL-FUELED GAS TURBINES AND DISTILLATE O I L  ENGINES 

Mean Emission Factor,  pg/J 

Distillate Oil Fueled Distillate Oil 
Trace E 7 e m n t  Gas Turbine Reci procati ng Engine 

\' 
A1 urna" nuin 
Antimony 
Arsenic 
Barium 
Beryl 7 irim 
Boron 
Bromine 
Cadmi urn 
Cal ci  urn 
Chromi umi 
Cobalt 
Copper 
Iron 
Lead 
Magnesium 
Manganese 
Mercury 
Mo 1 y bdeniim 
Nickel 
P hos phortis 
Potas s i unn 
Selenium 
S i ?  icon 
Sodium 
Tin  
Vanadium 
Zinc 

64 

9.4 
2.1 
8.4 
0.14 

28 
7.8 
1.8 

330 
20 
3.9 

578 
256 
25 

100' ! .  
\ . '  , -. . 145 e . I !  . :$k,,:& .,'f.'-- 

;""- 

0.39 
3.6 

526 
127 
785 

2.3 
575 
590 
35 
7.9 

294 

66 
12 
2.2 

14 
0.03 

11 
4.0 
3.1 

237 
26 

5 .7  
453 
325 
26 
44 
16 

0.73  
12.5 

564 
97 

7 79 
2.1 

301 
7 625 

9.1 

0.95 
7 78 



TABLE 57.  mr! SOURCE SEVERITY FACTORS FOR TRACE ELEMENT 
EMISSIONS FROH DISTILLATE OIL ENGINES 

Mean Source Severity Factor 
Trace h i s s  ion TLY Elec. Gen. Indus tri a1 

E l  went Factor hg/m 1 Distillate O i l  Distillate O i l  
(pg/J) Engine Engine 

cu 453 
N i  563 

P 97 . 

0.20 
0.10 

0.10 

0.23 
0.60 
0.10 

-~ ~~ 

0.20 
0.48 

0.082 

the emission f ac to r s  is the result o f  the s imi la r i ty  between the trace element 
content o f  turbine and  diesel  fuels .  

4.3.4 - Emissions o f  Organics and Polycyclic Orqanic Matter 

Analysfs o f  t h e  organic samples have indicated t h a t  organic emissions from 
internal combustion sources consist mainly of saturated and unsaturated al iphat ic  
and  aromatic: hydrocarbons . 
s t r a i g h t  chain and  branched chain saturated hydrocarbons, w i t h  MATE values i n  
the  180 t o  1000,mg/m range. Substituted benzenes, the second most abundant  
organic spec:ies emitted, have YATE values greater than 100 mg/m . The mean 
source severity factors calcu7a.ted u s i n g  these MATE values indicate t h a t  emis- 
sions o f  these organic species from internal combustion sources are  environ- 
mental ly  insignif icant  as S e 0,001 i n  a l l  cases. 

The most prevalent organic species present were 

3 
3 

POM emisss’ons from t h e  one gas-fueled gas t u r b i n e  and the f ive  d i s t i l l a t e  
oil-fueled gas turbines tested could not he different ia ted from the blank 
values a n d  are  therefore considered i n s i g n i f i c a n t .  
the eight d i s t j l l a t e  o i l  engines tested are  presented i n  Table 5 2 .  O f  the 
POM’s, the naphthalenes and substi tuted naphtha1 enes were emitted i n t h e  

1 argest quanti ties. 
pyrene and dibenz(a ,h)anthracene, were n o t  detected. 
analysis performed, the d e t e c t i o n  l i m i t  has been established a t  0.05 ug/m . 

POM emissions data from 

POt.1 compounds known t o  be carc inogenic  , such as benzo ( a  ) - 
For the Level I1 organic 

3 
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Using thfs detection ' l i m i t ,  the calculated source Severity factor f a r  benzo(a)- 
pyrene eaoissions from e l ec t r i c i ty  generation d i s t i l l a t e  o i l  engines is less 
than 0.2. 

The fmpact o f  the POM emissions found is assessed in Tab7e 54 by t h e  use 
of t h e  MATE values, whfcb a re  equivalent t o  TLV's and have been previously dfs- 
cussed i n  the evaluation of exis t ing  emissions data. The mean source severity 
factors; calculated using t h e  MATE values indicate t h a t  the POM emissions from 
d i s t i l l a t e  o i l  engines were several orders of magnitude below levels o f  

concern. 

The insignificance o f  the POM emissions from gas turbines and reciprocat- 
i n g  engines is expected because of the h i g h  hydrogen t o  carbon r a t i o  o f  the 
fuels used and the h i g h  oxygen level i n  the combustion gases. 
conditions, which favor the formation of POM's, are seldom encountered i n  
these i nternal combustion systems. 

Pyrolytic 

4.3.5 !Summary o f  Status o f  Emissions Data Base 

Based on the analysis o f  the TRW/GCA t e s t  results and the existing 
emissions data base, the s ta tus  of  the emissions data base f o r  internal com- 
b u s t i o n  sources can be  summarized as follows: 

a Emissions o f  c r i t e r i a  pollutants are now adequately characterized. 
There is no need for  additional tes t s .  

For d i s t i l l a t e  oil-fueled gas turbines, the existing d a t a  base f o r  SO3 
emissions is adequate. For d i s t i l l a t e  o i l  reciprocating engines, the 
data base for  SO3 emissions could be improved by a d d i t i o n a l  f ield tes t s .  

e Trace element emissions from gas-fueled internal combustion sources 
are insignificant.  For d i s t i l l a t e  o i l  engines, the data base for  
trace element emissions 'is adequate. For d i s t i l l a t e  oil-fueled gas 
turbines, the data base appears t o  be  inadequate f o r  the following 
trace el ements : nickel , phosphorus , and si1 icon. 
emfssions data f o r  these trace elements may be obtained by analysis 
of fuel samp'les, because trace element emissions from d i s t i l l a t e  o i l -  
fueled gas turbines have been calculated primari ly  from fuel trace 
le'lment contents. There i s  no need f o r  Level IT o r  a d d i t i o n a l  Level I 
tests.  

8 

However, a d d i t i o n a l  

a~ IEmissions o f  organics and POM's are  either environmental 7y insignifi- 
cant o r  a t  levels too  low t o  b e  detected. 
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TAB1.E 54. MEAN SOURCE SEVERITY FACTORS FOR POM EMISSIONS FROM 
ELECTRICITY GENERATI ON D I STI LUTE 0 I1  ENGINES 

Compound 

Mean Emission . MATE* Mean Source 
F a c t o r  V a l u e  Severity 
(pg/J) (mg/m3 I F a c t o r  S 

N a p h t h a l  ene 
Methyl Napht  ha7 ene 
C2 S u b s t i t u t e d  NaphthaJ  ene' 
C3 S u b s t i t u t e d  N a p h t h a l  e n d  
C4 S u b s t i t u t e d  Naphtha lene '  
C5 S u b s t i t u t e d  Naphtha lene '  
B i  phenyl  
Methyl Biphenyl  x 

4. i 

C3 Biphenyl'. 
D i  b e n z o t h i  o p h e n e  
Methyl  D i  ber izothiophene* 
P h e n a n t  hrene/An t h r a c e n e  
Methyl P h e n a n t h r e n e / A n t h r a c e n e  

T r  i met hy 1 P h e n a n t h r e n e /  A n t h r a c e n e  

Dimethyl  Phenanthrene /An t h r a c e n e  i-t 

E t h y l  F l u o r e n e  $3 

i-t 

43.7 50 
130.6 230 
198.2 
128.6 
33.3 
11 .o 
5.8 

230 
230 
230 
230 

7 .o 
21 .o 1 .o 

1.5 , 1.0 

0.50 23 
0.071 23 

19.1 1 . 6  
36.0 30 
10.8 30 

2 . 0  30 
2 . 2  ' 90 

<0.0001 
<o. 0001 
<o. 0001 
<o. 0001 
<o. 0001 
<o. 0001 
0.0006 
0.0022 
0.0002 

<o. 0001 
<o. 0001 

0.0013 
0.0001 

~0.0001 
<o. 0001 

<o. 0001 

t 
MATE v a l u e s  are o b t a i n e d  from R e f e r e n c e  29. 

' T h e  MATE v a l u e s  f o r  C2, C3, C4 and C5 s u b s t i t u t e d  n a p h t h a l e n e s  a r e  assumed 
t o  be t h e  same as t h a t  f o r  d i m e t h y l  n a p h t h a l e n e .  

J. 

'The MATE v a l u e s  f o r  m e t h y l  and C3 b i p h e n y l  are assumed t o  b e  t h e  same as  
t h a t  f o r  b i p h e n y l .  

* 
The MATE v a l u e  f o r  methyl  d i b e n z o t h i o D h e n e  i s  assumed t o  b e  the same as 
t h a t  for  d i  b e n z o t h i o p h e n e .  

"The MATE v a ? u e s  f o r  dimethyl a n d  trimethyl p h e n a n t h r e n e  a r e  assumed t o  be 
t h e  same as t h a t  f o r  rnethy? p h e n a n t h r e n e .  

"The MATE f o r  e t h y l  f l u o r e n e  is assumed t o  b e  t h e  same as t h a t  f o r  
f l  u o r a n t h e n e -  

. .  -- 
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5. TOTAL EMISSIONS . 

Based on t h e  resul ts  o f  current sampling and analysis efforts and the 
existing emissions data base, estimates’of current national emissions and pro- 
jected 1985 national emissions from e lec t r ic i ty  generation and industrial gas 
turbines and reciprocating engines have been made by using current and pre- 
dicted future fuel consumption rates. 

5.1 C?JRRfPIT AND FUTURE FUEL CONSUMPTION 

Current fuel consumption data are avai 1 ab7 e f o r  el ectr i  ci ty  generation 
internal combustion sources b u t  n o t  f o r  industrial internal combustion sources. 
The Federal Power Commission (FPC) has pub7.ished data showing that t o  produce 
e lec t r ic  energy i n  1976, internal combustion plants owned by u t i l i t i e s  burned 
6.625 x 10 rn o f  o i l  (259.42 x J )  and 4.732 x 10 m o f  gas (757.48 x 
70 J >  (Reference 4 ) -  For the same year, the National Electric Reliability 
Council l(NERC) estimated to ta l  fuel consumption o f  5.827 x 70 m of o i l  
(228.40 x lof5 J )  and 3.466 x 10 m o f  gas (132.09 x IO1’ J )  for u t i l i t y  
combusti on and combined cycl e turbines (Reference 5) . The fuel consumpti on 
f o r  internal combustion engines can therefore be estimated from the  above 
figures by difference. The  1976 fuel consumption were 20.79 x 10’’ 3 fo r  
e lectr ic i ty  generation d i s t i l l a t e  o i l  reciprocating engines, and 25.39 x l o T 5  J 
f o r  e lec t r ic i ty  generation gas reciprucating engines. 

F O r  1978, NERC estimated total  fuel consumption o f  8.598 x 10 m o f  o i l  
(337.81 x, d5 J )  and 3.927 x 10’ m o f  gas (149.52 x 1015 J) for u t i l i t y  
combustion and combined cycle turbines (Reference 5 ) .  The 7 978 fuel consump- 
t i o n  f o r  e lec t r ic i ty  generation reciprucating engines can be assumed t o  be 
equal t o  t h e  1976 figures, as reciprocating engine generating capacity for the 
two years are about equal. 

6 3  9 3  
15 

6 3  
9 3  

6 3  
a 3  

7 41 



for inldustrial internal combustion sources detailed fuel consumption 
data for 19'71 are available (Reference 15). The major uses o f  industrial gas 
turbines and reciprocating engines are  transmission o f  o i l  and natural  gas i n  
pipelines, natural gas processing and production , and crude o i l  production. 
The 1978 fuel consumption fo r  these combustfon source categories are therefore 
estimated from the 1971 fuel consumption and using the r a t io s  o f  the domestic 
natural gas and crude o i l  production figures fo r  these two years (References 
33,  34 and 35) .  The 1971 estimates by McGowin, however, d i d  not provide fuel 
consumption data for industrial d i s t i l l a t e  oil-fueled gas turbines. 
data contained i n  the National Emissions Data System (NEDS), Dykema and Kemp 
have estimated the 1970 and 1980 fuel consumption f o r  industrial oil-fueled 
gas  turbines (Reference 30) .  The NEDS data base i s ,  i n  general, incomplete 
b u t  nevertheless is useful as  a supplementary suurce o f  information. Based on 
the McGowin and Dykema and Kemp data, the 1978 fuel consumption rates f o r  the 
four  industrial internal combustion sources are estimated t o  be: 
f o r  d i s t i l l a t e  oil-fueled gas turbines, 438.02 x lo1' J ' fo r  gas-fueled gas 
turbines, 61 ,93 x lOI5 J f o r  d i s t i l l a t e  o i l  reciprocating engines, and 1003.92 
x IP J f o r  gas reciprocating engines. 

l l t i l i z i n g  

10.97 x lo1' J 

Prediction o f  fue7 use trends by internal combustion sources from present 
time t o  1985 is subject t o  many uncertainties. For e lec t r ic i ty  generation 
d i s t i l l a t e  oil  and gas turbines, the National Electric Reliabil i ty Council 
(NERC)  has estimated fossil fuel requirements for the years 1977 - 1986 
(Reference 5 ) .  
f o r  1985 will be: 8.204 x 70 m o f  oil  and 0.641 x 70 rn o f  gas for corn-. 
b u s t i o n  turbines, and 9.657 x 10 m o f  o i l  and 1.681 x 1 0  m o f  gas f o r  
combined cycle turbines. 
total  fuel consumption o f  702.85 x 
turbines and 88.49 x l d 5  J f o r  gas-fueled e lec t r ic i ty  generation turb ines .  
The figures a l s o  represent a 108.7 percent increase and 40.8 percent decrease 
i n  fuel consumption f o r  the oil-fueled and  gas-fueled gas turbines from 1978 
t o  7985. The increase i n  o i l  consumption will be mostly due t o  the fuel 
requirements :FOP the operation o f  combined cycle turbines, used f o r  base l o a d  
rather t h a n  peaking servi ce, 

According t o  the NERC estimates , the fossil fuel requirements 

6 3  9 3  
6 3  9 3  

These figures are equivalent t o  a projected 1985 
J f o r  oil-fueled e lec t r ic i ty  generation 

1 42 



For el ec t r ic i ty  generation reciprocating engines , the Federal Power 
Commission reported tha t  as  of Apri l  7 ,  7976, a net of 712,000 KW o f  diesel 
and dual-fuel generating capacity were scheduled t o  be installed i n  the 
1976 - 7985 period (Reference 10). 

2.1 percent increase over the 1976 generating capacity. Assuming tha t  the fuel 
requirememt would also increase by 2.7 percent during the same period, the 
fuel consumption f o r  d i s t i l  1 a t e  o i l  reciprocating engines would increase by 
37.2 percent fr& 7978 t o  1985 if the fuel consumption f o r  gas reciprocating 
engines would decrease by 40.8 percent, the same as that f o r  gas-fueled tur- 
bines during the same period. On this basis, the 1985 fuel consumption would 
be 42.57 x I O l 5  J f o r  d i s t i l l a t e  O i l  reciprocating engines and 15.03 x J 
f a r  gas. reciprocating engines. The estimated 1978 and 7 985 fuel consumption 
rates f o r  e lec t r ic i ty  generation internal combustion sources are sumnarized 
and compared i n  Table 55. 

This added capacity represents only a 

The projected 7 985 fuel consumption rates f o r  industrial internal combus- 
t i o n  sources were estimated on the basis of the 1985 domestic natural gas 
( i n c l u d i n g  a small percentage o f  SNG) and crude o i l  supply rates. The estimates 

TABLE 55, 1978 AND PROJECTED 1985 FUEL CONSUMPTION FOR ELECTRICITY 
GENERATION INTERNAL COMBUSTION SOURCES 

Percent 
Change 

Dis t i l l a te  O i l  Fueled Gas 337.81 702.84 +I 08.1 X 

Fuel Consumpticn, 10 15 J 

Combusti Ion Source Category 1978 1985 1978 - 1985 

Turbine!;” 

Gas Fue’letl Gas Turb ines  149.52 88.49 -40.82 

+37.2% 
.- - 

D i  s t  i 7 7 a t e  O i  7 Reciprocating 31.02’ 42.57 
Engines - _. .- +A 5 

a. 

Gas Rec i procat i ng Engi nes 25.39 15.03 -40.8: 

To ta  7 543.74 848.94 +56.7 5”1 

f 
The estimated 1985 fue? consumption f o r  d i s t i l l a t e  o i l  turbines includes 
approximately 6.6 percent residua7 o i l  fuel.  
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discussed i n  this report a re  obtained from the two l a t e s t  studies by the Bureau 
of Mines and the Federal Energy Commission (References 34 and 3 5 ) .  The U.S, 
Department of the Interior,  Bureau of Mines (BOM) has published estimates of 
energy u s e  trends t o  the years 1980, 1985 and 2000. Their projections are 
"based essentiaPly on the eva7uation of BOM fuels data" and the assumption 
that  "ex is t ing  patterns of resource uti1 ization w i l l  continue," BOM pro- 
jections f o r  (domestic natural gas and crude o i l  production for  the year 1985 
are  presented i n  Table 56 along with  the Federal Energy Administration (FEA) 
project i on s . 

The method used by the FEA is briefly described below: 

"The Project Independence Evaluation System (PIES) is a model o f  the 
technologies, leadtimes, costs and geographical locations which affect  
energy cc tmdi t ies  from t h e  p o i n t  of discovery, t h r o u g h  production, 
transportation, conversion t o  more useful forms, and ultimately con- 
s u m p t i o n  by a71 sectors of the economy. Consumptian (final demand) 
for  a particular fuel depends on prices fo r  tha t  fuel, the prices o f  
substi tute fuels, the general level o f  economic act ivi ty ,  and the 
a b i l i t y  o f  consumers and capital stocks t o  adjust t o  these factors. 
For each ,year o f  analysis, FEA forecasts t h e  demand-For refined petro- 
1 eum prodluc%s, natural gas, e7 ectrici ty ,  and coal These fuel demands 
are  made f o r  each Census region and f o r  each end-use consuming 
sector - residential and comercia7 , industrial , and t r anspor t a t ion .  
These demand forecasts a r e  based on estimated prices and vary as 
prices change. 

Energy supply is estimated separately f o r  o i l ,  natural gas, and coal. 
For each fuel ,  many different regions a rp  separately evaluated t o  
assess t h e  differences between OCS and Alaskan o i l  o r  Appalachian and 
Western coal. For each region and fuel,  reserve estimates are combined 

TABLE 56.  PROJECTED 1985 DOMESTIC NATURAL GAS 
AND CRUDE OIL PRODUCTION 

Percent Change 
1974 - 1985 7985 Production, 10 l S J  

Fuel BOM FEA* BOM FEA 

Domestic Natural Gas 20,278 24 , 248 -9.67% +8.02? 

Domestic Crude O i l  37,557 29,302 +42.04% +37 .89X . 
* 
Based on business a s  usual supply  and demand cases and price of $13 per 
barrel f o r  imported o i l .  
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w i t h  the t e c h n o l o g i e s  and costs of f i n d i n g  and producing these fuels 
t o  estimate t h e  cost o f  i n c r e a s i n g  supply.  Major improvements have 
been made i n  t h e  o i l  and g a s  models t o  estimate d r i l l i n g  p a t t e r n s ,  
1 i n k  f i n d i n g  rates and enhanced r ecove ry  d i r e c t l y  t o  revised reserve 
estimates, and a c c o u n t  f o r  changes i n  t h e  d e p l e t i o n  allowance. The 
coa l  supply  estimates d i s t i n g u i s h  between v a r i o u s  s u l f u r  and Btu 
c o n t e n t s  

The PIES t h e n  a t t e m p t s  t o  match these ene rgy  demands as  a f u n c t i o n  
o f  f u e l ,  sector, and p r i c e  w i t h  the a v a i l a b l e  s u p p l y  i n  t h e  r eg ions  
which  can supp ly  these needs  a t  the lowest p r i c e  t o  f i n d  a ba lance  or 
equ i l ib r ium.  
deimarnds i n  an  area, the prices are allowed t o  v a r y  u n t i l  supply  and 
dellland are b raugh t  i n t o  balance." 

I f  s u p p l y  is n o t  a v a i l a b l e  t o  satisfy t h e  s p e c i f i c  

FC4 conducted the above a n a l y s e s  f o r  three imported o i l  prices (98, $13 
and $16 per barrel) and f o u r  a7 t e r n a t i v e  energy  strategies (bus iness  a s  usual, 
a c c e l e r a t e d  supply, a c c e l e r a t e d  c o n s e r v a t i o n  , and a combinat ion o f  a c c e l e r a t e d  
supply and c o n s e r v a t i o n ) .  
demand and price of $13 per barrel f o r  imported o i l  is used i n  t h i s  r epor t .  

The base case of bus iness  as usual supply and 

The FEA and BOK estimates differ  i n  two impor t an t  areas. F i r s t  w i t h  
r e g a r d  t o  na tu ra l  gas produc t ion ,  BOM predicts a 9.7 p e r c e n t  decrease w h i l e  
FEA p r e d i c t s  an 8.0 p e r c e n t  increase f o r  the 1974 - 1985 pe r iod .  The second 
major d i f f e r e n c e  is t h a t  BOM p r e d i c t s  a h i g h e r  1985 domestic c rude  o i l  produc- 
t i o n  r a t e  than  FEA. The total  fue l  product ion  rate from domest ic  n a t u r a l  gas 
and c r u d e  o i l  o f  57,835 x 1015 J as  predicted by BOM, however, is on ly  s l i g h t l y  
different from the 53,550 x 1015 J f i g u r e  predicted by FEA. 

Uti1 i z i n g  the 1985 domest ic  n a t u r a l  gas and c r u d e  o i l  p r o d u c t i o n  figures 
predicted by BOM o r  FEA, the 1985 fuel consumption r a t e s  f o r  indus t r ia l  inter- 
na l  combustion sources a re  estimated. The assumpt ions  used a r e  t h a t  fuel con- 
sumption rates f o r  gas f u e l e d  t u r b i n e s  and r e c i p r o c a t i n g  eng ines  a r e  propor t iona l  
t o  domes$tic natural g a s  p roduc t ion  and that  f u e l  consumption r a t e s  f o r  o i l  
f u e l e d  t u r b i n e s  and r e c i p r o c a t i n g  eng ines  are p r o p o r t i o n a l  t o  domestic crude 
o i l  prod,uction. 
e n g i n e s  f o r  c rude  o i l  p roduc t ion  i s  assumed t o  be p r o p o r t i o n a l  t o  the domestic 
crude o i l  p roduct ion  rate. 
i n d u s t r i a l  i n t e r n a l  combustion sources a re  presented i n  Tab1 e 57,  a7 ong w i t h  

tbe 1978 f i g u r e s  for comparison. 

An e x c e p t i o n  is t h a t  fuel consumed by gas r e c i p r o c a t i n g  

The estimated 7985 fuel consumption r a t e s  f o r  
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TABLE 57. 7978 AND PROJECT& 7985 FUEL CONSUMPTION FOR 
INDUSTRIAL INTERNAL COMBUSTION SOURCES 

Percent Change 
Fuel Consumption, 10” 3 1978 - 1985 

Combust i on Source 1985 1985 
Category 1 978 BOM FEA BOM FEA 

D i  sti  1 fate O i  1 -Fuel ed 10.97 13.90 12.91 +26.7% +J7.7% 
Gas Turb ines  

Gas-Fuel ed Gas T u r b i n e s  438.02 397.23 475.00 -9.3% +8.4% 

Distil 7 a te  Oil Reciprocat- 
ing Engines 

6 7 . 9 3 3  78.46 7 
* r  L I -  & *3;7.r- h r& 

+17.7% 
- ..* 

?’- 
. J  

Gas Rec i procating Engines 7 , 003.92 926.54’ 1,092.78 -7.7% +8.9% 

Total 1,514.84 1,416.13 1,653.55 -6.5% +9.2% 

5.2 CURRENT NATIONWIDE EMISSIONS 

Total 1978 national emissions from e lec t r ic i ty  generation and industrial , 
internal combus tisn sources were determined based on combined current study and 
existing data emission factors and the estimated 1978 fuel consumption rates 
discussed i n  t h e  previous section. Nationwide emission to ta l s  f o r  the c r i te r ia  
pollutants are presented i n  Table 58. Particulate and SO, emissions from 
internal combustion sources are  relatively small and amount t o  less than 
0.5 percent o f  emissions o f  these pollutants from a l l  stationary sources. 
Emissions of NOx, ,  hydrocarbons, and CO from internal combustion courses, 
however, are more significant. NOx, hydrocarbon, and CO emissions from 
internal combustion sources account f o r  approximately 20 percent, 9 percent, 
and 1 percent o f  the emissions of these pollutants from a17 stationary sources. 
O f  t b e  NO,, hydrocarbon, and CO emissions from internal combustion sources, 
more than 80 percent are  contributed by the industrial reciprocating gas 
engine cateagry . 
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TABLE 58. CURRENT NATIONWIDE EMISSIONS OF CRITERIA POLLUTANTS 
FROM ELECTRICITY GENERATION AND INDUSTRIAL 
INTERNAL COMBUSTION SOURCES 

Emissions , Mg/year 

HC CO Part SOx 
Comibust i on Source 

Category 

E l e c t r i c i t y  Generation 
Disti l late Oil-Fueled 
Gas Turbines  
Gas-Fuieled Gas Turbines 
Distillate O i l  Engines 
Gas Engines 

7 05 , 000 

25,200 
43,200 
39,300 

Subtotal 

I ndu st r i a ‘I - 
D i  s t  i 7 ‘I a te  0 i 7 -he7 ed 
Gas Turb ines  
Gas-Fuel eQ Gas Turbines 
Distil 7 ate  Oi 1 Engines 
Gas Engines 

~- 

21 2,700 

2,300 

56,800 
86,200 

1,555,000 

5,900 14,800 

3,500 9,700 
1,600 8,300 

7 3,400 8,600 

24,400 - 41,400 

40 . ‘  1,100 

3,800 21,400 
3,200 16,500 

530 , 000 341,300 

537,040 380,300 Subtotal 1 ,700,300 

4,400 

800 
400 
7 00 

5,700 

100 

2,200 
900 

5,700 

11,200 

40 
3,100 

10 

14,350 

400 

100 
6,300 

300 
~ 

8,9.1)0 7,100 

Tota l ,  Internal 
Combust i on 1,913,000 561,400 421,700 14,600 21,500 

Current t r a c e  e7 ement emissions from internal combustion sources are 
summarized i n  Table 59. 
negl ig ib le  r e l a t i v e  t o  o i l  fueled sources and a r e  not  reported. The estimated 
t r a c e  element emissions represent about  25 t o  40 percent o f  the to ta l  particu- 
l a t e  emissions,, ind ica t ing  the completeness o f  combustion f o r  these‘ sources 
categories.  Total quan t i t i e s  of t r ace  elements emitted are l e s s  t h a n  those 
from res ident ia l  sources and shou ld  be negl igible  when compared with trace 
e l  ement emissions from coal - f i red combusti on sources. 

Emissions from gas fueled turbines and engines a re  
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'TABLE 59. CURRENT NATIONWIDE EMISSIONS OF TRACE ELEMENTS 
FROM ELECTR I CITY GENERATION A N D  I NCUSTR I AL 
INTERNAL COMBUSTIbN SOURCES* 

Emissions, Mg/year 
Trace Elec. Gen. Elec. Gen. Indus tri a1 Indus t r ia l  
E7 ement Disti l late O i l -  Dis t i l la te  Oil Distillate O i l -  Distillate O i l  

Fuel ed Gas Turbines Engi nes Fuel ed Gas Turbi nes Engi nes 

A7 mi nun 
. Antimony 

Arsenic 
Bari urn 
Beryl 1 i urn 
50 ron 
B r u r n i  ne 
Cadmi urn 
Cal ci um 
Chromi urn 
Cobalt 
Copper 
Iron 
Lead 
Magnesi um 
Man ga n es e 
Mercury 
Molybdenum 
Nickel 
Phosphorus 
Potassi  urn 
Se1 eni urn 
S i l i c o n  
Sodi urn 
Tin 
Vanadi urn 
Zinc 

22 
3.2 
0.72 
2 . 8 .  
0.048 
9.4 
0.61 
0.62 

710 

6.7 
7.3 

200 
a7 
8.4 
34 
49 
0.13 
1.2 

180 

43 
63 
0.79 

190 
200 

12 
0.66 

59 

2.0 
0.36 
0.069 
0.42 
0.0008 
0.35 
0.12 
0.0% 
7.3 
0.80 
0.18 
14 
10 
0.81 
7.4 
0.51 
0.0041 
0.39 

17 
3.0 
5.6 
0.066 
9.3 
50 
0.28 
0.029 
5.5 

0.70 
0.10 
0.023 
0.092 
0.0016 
0.30 
0.020 
0.020 
3.6 
0.22 
(3 .. 043 

2 .8  
6.3 

0.27 
7 . l  
1.6 
0.0043 
0.039 
5.8 
1.4 
2.0 
0.026 
5.3 
6 . 5  
0.38 
0.021 
3 . 2  

4.1 
0.71 
0.14 
0.84 
0.0017 
0.69 
0.25 
0.19 

15 
1.6 
0.35 

28 
20 
1.6 
2 . 7  
1 .o 
0.0082 

0.E 
35 

6.0 

11 
0.1 3 

1 9  
100 

0.56 

0.05: 
71 

* 
All t r a c e  elements t h a t  showed a potent ia1 concentrat ion above 50 u g h 3  a t  
any s i t e  o r  a re  p a r t i c u l a r l y  hazardous (TLV <1 rng/m3). 
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Emissions o f  polycycl ic organic ritatter (POM) froni o i l  fueled reciprocatina 
engines a r e  sumnarized i n  Table 60. 
tu rb ines  were not detected. Total POM emissions from d i s t i l l a t e  o i l  engines 
were estilmated t o  be 60 Mg (megagrams) per year. 
POM compounds known t o  be carcinogenic were n o t  detected. 

POM emissions f r o m  gas and o i l  fuel& 

A s  discussed previously, 

5.3 FUTURE NATIONYIDE EMISSIONS 

Basefd on t h e  porjected 7985 fuel consumption f o r  internal combustion 
sources dfscussed i n  Section 5.1, future nationwide emissions from these 
combustion categories were estimated. Estimated future nationwide emissions 

TABLE 60. CURRENT NATIONWIDE EMISSIONS OF POLYCYCLIC ORGANIC 
k1ATTER FROM ELECTRICITY GENERATION AND INDUSTRIAL 
INTERNAL COMBUSTION SOURCES 

Emi ss i ons , Mg/year 

Elec. Gen. Distillate Industrial Disti7late 
Compound O i l  Engines O i l  Engines 

Naphthal enie 1-4  2.7 
Methyl Naphthal ene 
Cz Subst i  tilted Naphtha1 ene 
C3 Subs t i t u t ed  Naphthal ene 
C4 Subs t i t u t ed  Naphthalene 
C5 Substituted Naphthal ene 
Si  phenyl 
Methyl Biphenyl 
C3 Biphenyl 
Dibenzothiophene 
Methyl Di benzethiophene 
Phenan threne/An t hracene 
Methyl Phenanthrene/Anthracene 
Dimethyl P henanthrene/An thracene 
Trimethyl Phenanthrene/Ant hracene 
Ethyl Fluorene 

4.1 
6.1 
4.0 
7.0 
0.34 
0.78 
0.65 
0.046 
0.016 
0 002 
0.59 
7 . 7  
0.34 

0.062 
0.058 

8.1 
12.3, 
8.0 
2.1 
0.68 
0.36 
1.3 
0 093 
0.031 
0.0044 
1.2 
2.2 
0.67 

0.12 
0.14 



for the C P ~ '  teria pol 7 utants, trace elements,, and POM's are presented in 
Tab1 es 61 , 6i!, and 63. For the criteria poll utants, the 1978 and projected 
1985 emissionrs are approximately equal except for SOx. The projected 1985 SO, 
emissions from internal combustion sources represent a 69 percent increase 
over the 1978 SO, emissions, because of the increase in.fue1 consumption for 
electricity generation distillate oil-fueled gas turbines. The total 1985 SOx 
emissions, however, will still be insignificant. Total 1985 trace element 
emissions from internal combustion sources represent a two-fold increase f r o m  
the 7978 trace element emissions. This again will be the result o f  increased 
fuel consumption for electricity generation distillate oil -fueled gas turbines. 

TABLE 67. PROJECTED 1985 NATIONWIDE EMISSIONS OF CRITERIA POLLUTANTS 
FROM ELECTRICITY GENERATION AND INDUSTRIAL INTERNAL 
COMBUSTION SOURCES 

Emissions, Mg/year 
Combusti on 

Source Category X No* HC co Part SO 

El ectri c i ty  Generati on 
Distillate Oil -Fueled 
Gas Turbines 
Gas-Fuel ed Gas Turbines 
Distillate Oil Engines 
Gas Engines 

Subtotal 

Industri a1 

Distillate Oil-Fueled 
Gas Turbines 
Gas -Fuel ed Gas Turbines 
Disti'llate Cli1 Engines 
Gas Engines 

Su bto ta 1 

Total, Internal 
Combustion 

21 8,400 

14,900 
59,300 
23,300 

72,300 

2,7 00 
2,200 
7,900 

30,800 

5,700 

17,300 

5,100 

31 5,900 

2,900 

57,500 
109,200 

1,435,200 

~~ 

24 , 500 

50 

3,400 
4,100 

489,200 

1,598,300 496,800 

52,900 

7,400 

7 9,400 
20 , 900 

31 5,000 

356,700 

7,914,700 521,300 467,200 

9,100 23,300 

500 20 
600 4,300 
100 4 

10,300 27,600 

200 500 

2,000 7 00 
7,100 7,900 
5,300 200 

18,900 36,300 
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TABLE 62. PROJECTED 1985 NATIONWIDE EMISSIONS OF TRACE ELEMERTS 
FROM ELECTRICITY GENERATION AND INDUSTRIAL IKTERNAL 
COMBUST1 ON SOURCES 

Emissions, Mg/year 
Trace Elec. Gen. Elec. Gen. Indus t r ia l  Industr ia l  

El  ement Disti l late O i l -  Distillate O i l  Disti l late O i l -  Distillate 011 
Fueled Gar T u r b i n e s  Engines Fueled Gas Turbines Engines 

A 1  umi  num 
Anti  mo ny 
Arsenic 
Eari um 
Beryl 1 i urn 
Boron 
Bromine 
Cadmi urn 
Cal c i  urn 
Chromi urn 
Cobalt 
Copper 
Iron 
Lead 
Ha gn es i urn 
Manganese 
Mercury 
Molybdenum 
Nickel 
Phosphorus 
Potassi urn 
Sel eni urn 
Si 1 icon 
Sodi urn 
T i n  
Vanadi urn 
Zinc 

4s 
6.6 
1'5 
5.9 
0.10 

20 
1.3 
1.3 

230 
14 

2 . 7  
41 0 
180 

18 
70 

100 
0 .27  
2 . 5  

370 
89 

7 30 
1 .€ 

400 

41 0 

24 
1 . 4  

21 0 

2.8 
0.49 
0. C94 
0.58 
0.0012 
0.48 
0.17 
0.13 

10 
1.1 
0.24 

19 
14  

1.1 
7.9 
0.69 
0.0057 
0.53 

24 
4.1 
7 . 6  
0.097 

13 
69 

0.39 
0.040 
7.6 

0.89 
0.13 
0.030 
0.12 
0.0020 
0.39 
0.025 
0.025 
4.6 

. 6 . 2 7  
0.054 
8.0 
3.6 
0.35 
1.4 
2.0 
0.0054 
0.050 
7 . 3  
I .a 
2.6 
0.032 
8.0 

0 . 2  
0 .48  
0.027 

4.1 

5.2 
0.90 
0.17 
1 .1 
0.0022 
0.88 
0.32 
0.24 

19 
2.0 
0.45 

36 
26 

2.0  
3 .4  
1.3 
8.01 0 

0.98 

44 

7.6 
14 

0.17 

24 
7 30 

0.71 
C .  076 

14 
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TABLE 63. PROJECTED 1985 NATIONWIDE EMISSIONS OF POLYCYCtIC 
ORGANIC MAITER FROM ELECTRICITY GENERATION AND 
INDUSTRIAL INTERNAL COMBUSTION SOURCES 

Emissions , rYg/year 

Elec. Gen. Industria? 
Distillate O i l  Disti l late Oil 

\ Engines Compound Engines ‘ 

1.9  3.4 Naphthal ene! 
70 

Methyl Naphthal ene - 5.6 

C2 Substituted Naphtha7 ene 8.4 16 70 

C4’Substltuted Naphthalene 1.4 2.6 
C5 Substituted Naphthalene 0.47 * 0.86 
B i  phenyl 0.25 0.46 
Methyl Biphenyl 0.89 1.6 

D i  benzothi ophene 0.027 0.039 

Methyl D i  benzothiophene 0.003 0.006 

Phenanthrene/An thracene 0.81 1.5 

Methyl Phenanthrene/Anthracene 7.5 2.8 

Trimethyl Phenanthrene/Anthracene 0.085 0.16 

Ethyl  F7 uorene 0.094 0.17 

C3 Substituted Naphthal ene 5.5  

C3 Biphenyl 0.064 ’ 0.12 

Dimethyl Phenanthrene/Anthracene 0.46 0.85 

The totaJ  1985 POM emissions from internal combustion sources will amount t o  
78 Mg per year, o r  approximately a 30 percent increase over the 1978 POM 
emissions. Th is  w i l l  s t i l l  be a negligibie f r ac t ion  of  the total  POM emissions 
from stat ionary sources, and the POM’s emitted from internal combustion sources 
will be relat ively harmless compounds, such a s  naphthalene, a1 kyl naphthalene, 
and alkyl phenanthrenes, w i t h  typical MATE values in the 7 t o  230 mg/m range. 

3 

D u r i n g  
gas t u r b i n e  
as a v iabJe  

recent years, fuels of other types have been evaluated for use i n  
power generation. 
replacement fuel f o r  gas t u r b i n e s ,  based both on excellent 

Specifically,  methanol has been demonstrated 
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performance and low emissions. In one series o f  tests, NO, emissions f r o m  
methanol fuel were found t o  be 74 percent less than  w i t h  No. 2 o i t ,  and co 
emissionls from methanol fuel were only slightly higher compared t o  No. 2 O i l  
(Reference 37). On the negative side, today's methanol production w i l l  only 
supply a very small fraction o f  the current gas turbine fuel requirements. 
If methanol supply can be increased substantially while a t  the same time the 
methanol cast  becomes competitive w i t h  No. 2 o i l ,  then methanol can be an 
a7ternative fuel f o r  gas turbines i n  the future. 
however, gas and o i l  are expected t o  remain as the cri t ical  fuels f o r  gas 
turbines and reciprocating engines (Reference 5). 

For the 1978 - 1985 period, 

7 53 



7 ,  

2, 

3 .  

4,  

5, 

6. 

7. 

8. 

9. 

7 0- 

71. 

6. REFERENCES 

Surprenanl, N., R, Hall, S .  Slater ,  T. Susa, M. Sussman, and C. Young. 
Prel iminaiy Emissions Assessment o f  Conventional Stationary Combustion 
Systems, Volume 11 - Final Report. 
Division f o r  the U.S. Environmental Protection Agency. 
046b. March 1976. NTIS PB-252 175. 

Report prepared by GCA/Techno?ogy 
EPA-600/2-76- 

Hamersma, J.W. , S.L. Reynolds, and R.F. Maddalone. IERL-RTP Procedures 
Manual: Level 1 Environmental Assessment Report prepared by TRW, Inc., 
for  the U.S. Environmenta? Protection Agency. 
June 1996. 

Durkee, K.R., E.A. Noble, and R. Jenkins. 
ronmental Impact Statement - Vol.  1 :  Proposed Standards o f  Performance 1,- 
for Stationary Gas Turbfnes .  EPA-450/2-77-0?7a. September 1977. NTIS 

EPA-600/2-76-7 60a. 
/f - ,c.L *.& 
A .  

Standards Suppor t  and Envi -  3” 
I .  - -  

1 . 
4 PB-272 422.- 

FPC News Release No. 23009. 
-March 25, 1977, 

Federal Power commission, Washington, D.C. 

Fossil and Nuclear Fuel f o r  Electric Uti1 i t y  Generation Requirements and 
Constraints.  1977-1986. National Electric Rel iabi l i ty  Council , 
Princeton, New Jersey. August 1977. 

Youngblood, S.B. G.R. Offen, and L. Cooper. Standards Suppor t  and 
Environmental Impact Statement f o r  Reciprocating Internal Combustion 
Engines. Acurex Report TR-78-99. March 1978, 

Ewing, R.C. Pipeline Economics. O i l  and Gas Journal, 
Augus t  18, ’1975. 

Ewing, R.C. Pipeline Economics. O i l  and Gas, Journal, 
August 23, 1976, ~ 

73(33)  : 70. 

74(34): 89. 

Conaram, G.E. P i p e l i n e  Economics. O i l  and Gas Journal, 75(34):  78. 
August 22, 3977. 

FPC News Re1 ease No. 22673. 
October 15 ,  1976. 

Federal Power Commission , Nashi ng ton  , 0. C . 

Urban, C.M. and K.J. Springer. Study of Exhaust Emissions from Natural 
Gas P i p e l  ine Campressor Engines, 
Research Ins t i tu te  f o r  the Pipeline Research Committee o f  the American 
Gas Association (Project  PR-15-67 ) . 

Report prepared by the Southwes t  

February 7 975, 

7 54 



REFERENCES (Continued)  

12. Gas Turbine  Electric P l a n t  Cons t ruc t ion  Cost and Annual Product ion 
0 ,penses .  F i r s t  Annual Publ i c a t i o n .  Federal  Power C o m i s s i o n .  Fpc 
Pub1 i c a t i o n  FPC-S-240. Washington, D.C. 1972. 

13. Gas Turbine  Electric P l a n t  C o n s t r u c t i o n  Cost and Annua? Product ion 
Expenses. F i r s t  Annual Supplement . Federal  Power Cornissfon.  FPC 
Publ i c a t i o n  FPC-S-254. Washington, D.C. 1973. 

14. Util i ty  Cost Study - Par t  1. 
p. 43-73. March-April, 1977. 

Sawyer's Gas Turbine  I n t e r n a t i o n a l ,  

75. McGowin, C.R.. S t a t i o n a r y  I n t e r n a l  Combustion Engines i n  the United 
States. Report  p r e p a r e d  by the Shel l  Development Co. for the U.S. 
Envimnmental P r o t e c t i o n  Agency. €PA Report  No. R2-73-210. Apri l  7 973. 
120 p.  NTIS PB-221 457. 

16. Dietzmann, H.E. and K.J. Spr inge r .  Exhaust Emissions from P i s ton  and 
Gas; Turbine Engines used i n  Natura l  Gas Transmission.  
the! Southwest Research Institute f o r  the Pipe1 i n e  Research Committee of 
t h e  American Gas A s s o c i a t i a n  (Project PR-15-67 ) , January  7 974. 

17. Hare, C.T. and K.J. S p r i n g e r .  Exhaust Emissions from Uncontrol led 
Vehicles and Related Equipment Using I n t e r n a l  Combustion Engines: 
Gas Turbine E7ectric Util i t y  Power P lan t s .  
west Research I n s t i t u t e  f o r  t h e  U.S. Environmental P r o t e c t i o n  Agency. 
EPA Report APTD-1495. February 1974. NTIS PB-235 751. 

'i$) Coppersmith, F.M., R.F. Jastrrebski, D.V. Giovanni and S. Hersh. Con 
Edison's Gas T u r b i n e  Test Program: 
nary Gas Turbine  Emission Levels .  
Meeting of the Air P o l l u t i o n  Control  Assoc ia t ion ,  Denver, Colorado. 
June  9-7 3 ,  1974. 

ch L i e b e r s t e i n ,  M. S u m r y  o f  Emissions from Consol ida ted  Edison Gas Turbines .  
Report  prepared by t h e  Department o f  Air Resources ,  City of New York. 
November 5 ,  1975. 

ss 
Report p regared  by 

Part 6 - 
Report prepared  by the South- 

A Comprehensive Evaluat ion o f  S t a t i o -  
Paper prepared a t  the 67th Annual 

'd 

20. Hurley,  J.F. and S. Hersb. Effect of Smoke and Corrosion Suppressant  
Addi t ives  on P a r t i c u l a t e  and.  Gaseous Emissions from a Util i t v  Gas Turbine:  
Report  prepared by KVB Inc. f o r  Electric Power Research I n s t i t u t e .  
fP-398. March 1977. 

EPRI 

21. Carl D.E., E.S. Ob id insk i  and C.A. Jersey. Exhaust Emissions from a 
25-M'W Gas Turbine  Firing Heavy and L i g h t  Dis t i l la te  Fuel OiJs and Natural  
Gas. 
Houston, Texas, March 2-6, 7975. 

Paper p r e s e n t e d  a t  the Gas T u r b i n e  Conference and Products  Show, 

155 



22 c 

23. 

24 

25. 

26. 

27. 

28 . 

29. 

30. 

31 d 

32 - 

REFERENCES (Continued) 

Crawford, A.R., E.H. Manny, M.W. Gregory and W. Bartak. The Effect of 
Combustian Modification on P o l l u t a n t s  and Equipment Performance of Power 
Generatioin Equipment. 
Symposium Vsl. I11 - F j x d  Testing and Surveys. EPfi-600/2-76-752C. 
June 1976. NTIS PB-257 146. 

In Proceedings of t he  S ta t ionary  Source Combustion 

Compilation o f  Air Pol lu tan t  Emission Factors. 
Supplements 1-7: 

Thf’rd edit ion,  including 
U.S. Environmental Protect ion Agency, Pub7 icatfon 

NO. AP-42. August 1977. 

Effect o f  CI-2 on Emissions from a Large Power Generating Gas T u r b i n e .  
Ethyl Corporation Research Laboratories , Paper IR 74-IR. 
Mississippi. September 1974. 

Ferndale, 

Hersh, S. The Effect o f  a Combustion Additive on Gas Turbine  Combustion 
Contaminant Emissions. KVB Inc. Scarsdale,  New Yprk. Report No. 5200- 
231. Apri l  1974. 

Lipfert, F.W., J. Sanlorenzo and C.E. Blakeslee. The New York Power 
Pool Gas Turbine  Emissions Test Program. Paper presented a t  MASS-APCA 
Special ty  Conference on Air Qua? i t y  Standards and Measurements. 
October 7 974. 

Johnson, R.H.  Gas Turbine Environmental Factors - 7 973. General Electric 
Co. Paper GER-2486B. Schenectady, New York. 1973. 

Winkler, M. Management o f  Gas T u r b i n e  Fuel Systems. Gas T u r b i n e  
Internat ional  - p .  90-93. March-ApriJ 1977. 

Cleland, J.G. and G.L. Kingsbury. MuJtimedia Environmental Goals f o r  
Environmental Assessment. Report prepared by the Research Triangle - 
I n s t i t u t e  f o r  the U.S. Environmental Protection Agency. EPA-600/77-l36b. 
November 1977. NTIS PB-276 920, 

Hunte r ,  S.C. and P.K. Enge?. 
Industria7 Combustion Equipment. In Workshop Proceedings on Primary 
S u l f a t e  Emissions from Combustion Sources, Vol 2 - Characterization. 

S u l f u r  Oxides from Boilers ,  Turbines and 

EPA-600/9-78-020b. August 1978, 

Hamerrma, J.W., D.G. Ackeman, M.M. Yamada, C.A. Zee, C.Y. Ung, K.T. McGregor, 
J . F .  Cfausen, M . L .  K r a f t ,  J.S. Shapiro,  and E.L. Moon. Emissions Assessment 
o f  Conventional Stat ionary Combustion Systems - Method and Procedures Manual 
f o r  Sampling and Analysis. Report  prepared by TRW, Inc. f o r  the U.S. E n v i r o n -  
mental Protection Agency. EPA-600/7-79-029a. January 7979. 

Turley,  C.D.,  D.L. Brenchley, and R . R .  Landvlt. Barium Additives as  
Diesel Smoke Suppressants. Journal of the Air Pol lut ion Control 
Association. 23(9) : 783-786. Sept,ernber 7 9/3. 

7 56 



3 

33 . 
34. 

35, 

36. 

37. 

REFERENCES (Cbntinued) 

1974 Gas Facts. American Gas Association. Arlington, VA. 1975. 

Dugres, W.G., Jr. and J.S. Corsentino. 
Year 2000 (Revised) Bureau of Mines, U.S. Department o f  the Interior, 
December 7 975. 

United States Energy through the 

National Energy Out7 ook, Federal Energy Administration. February 7 976. 

Dykem, Q.W. and V.E. Kemp. Inventory of Combustion-related Emissions 
from Stationary Sources (First Update) 
Corporation for t h e  U.S. Environmental Protection Agency. EPA-600/2-77- 
066a. March 1977. NTIS PB-266 109. 

Report prepared by the Aerospace 

Klapatch, R.D. Gas Turbine Emissions and Performance on Methanol Fuel. 
Paper presented at the ASME-IEEE Joint Power Generation Conference, 
Portlaine, Oregon. September 28 - October 7 ,  1975. 

7 57 



APPENDIX A 



- d e -  

APPENDIX A 

CRITERIA FOR EVALUATTFlG THE ADEQUACY 
OF EXISTI'NG EMISSIONS DATA FOR 

CONVENTIOHAL STAT1 ONARY COMBUST1 ON SYSTEMS 

A rna,jor task i n  the present program was the i d e n t i f i c a t i o n  o f  gaps and 
inadequacies i n  the e x i s t i n g  emissions da ta  base for conventional s t a t iona ry  
combustion systems. 
and performance o f  a combined f i e ld  and labora tory  program as  required t o  corn- 
p f e t e  adequate emissions assessment for  each of  the combustion source types. 

The o u t p u t  from this e f f o r t  w i l l  be used i n  the planning 

The c r i t e r i a  f o r  a s s e s s i n g  the adequacy o f  emissions data  a r e  developed 
by considering both the r e l i a b i l i t y  o f  the da ta  and the v a r i a b i l i t y  o f  the 
data ,  The general approach is t o  u t i l i ze  a three-step process as described 
below. 
da t a  as  w e 7 1  as emissions data c o l l e c t e d  during the course o f  this program. 

STEP 1 

This approach is  a p p l i c a b l e  t o  the evaluat ion o f  t he  ex i s t ing  emissions . 

In the first step of the eva lua t ion  process, the emissions data  a r e  
screened f o r  adequate d e f i n i t i o n  o f  process and fuel parameters t h a t  may a f f e c t  
emissions as well a s  v a l i d i t y  and accuracy o f  sampling and ana lys i s  method. 
The screening mechanism is devised t o  reject emissions da t a  t h a t  would be of 
l i t t l e  o r  mo use. Acceptance of emissions data  i n  t h i s  screening step only 
i n d i c a t e s  the p o s s i b i l i t y  f o r  further ana lys i s ,  and i n  no way suggests that  
these data  a r e  va l id  o r  re l iable .  As such, the data screening c r i t e r i a  a r e  
often expressed i n  terms o f  m i n i m u m  requirements. These screening c r i t e r i a  
a r e  depicted i n  Figure A - 1  and discussed i n  d e t a i l  below. 

The first c r i t e r i o n  t ha t  w i l l  be  applied i s  t h a t  only source t e s t  data 
will be accepted. 
contained -in the National Emissions Data System (NEDS), were developed by the 
use of standard emission f a c t o r s *  and not  der ived from actual  tes t  data.  The 
inc lus ion  o f  these estimated emissions da ta  i n  the da ta  base would lead t o  the 
obviously biased conclusion t h a t  the ac tua l  emissions were the same as those 
p r e d i  cted by the standard emission f ac to r s .  

A s i g n i f i c a n t  por t ion  o f  the da ta  base,  and espec ia l ly  those 

The second c r i t e r i o n  t h a t  w i l l  be appl ied i s  an adequate description of 
the source.  In order  t o  further analyze the emissions d a t a ,  t he re  m u s t  b e  
sufficient information t o  d e s i g n a t e  t h e  combustion source according t o  the 

* 
Mostly by the use o f  emission f a c t o r s  pub l i shed  i n  t h e  EPA Publication AP-42 

"Compilation of Air P o l l u t a n t  Emissions Factors." 
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Figure A-7. Step 1 S c r e e n i n g  Mechanism f o r  Emissions Data 
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appropriate GCA classif icat ion code, 
should include: the f u n c t i o n  of the cdirtbustion source (e lectr ic i ty  generation, 
industrial, comnercial/institutional, o r  residential)  , the type of combustion 
(external combustion o r  internal combustion), the type of fue? used (coal, o i l ,  
gas o r  refuse), and i n  the case o f  coal combustion, the type o f  furnace (pul -  
verized dry batton, pulverized wet bottom, cyclone, o r  stoker). For emissions 
data that are judged t o  be valuab7e* and otherwise acceptable, efforts w i l l  be 
made t o  acquire the needed source description infox-qation directly from t h e  
i nvesti gator o r  the plant operator. 

As a min imum,  the information provided 

The t h i r d  criterion fo r  acceptance of emissions data f a r  further analysis 
is an adequate definit ion of the combustion system operating mode. For example, 
operatirig load has a large effect  on NOx emissions from combustion systems. I t  
i s  therefore important t o  have an adequate d e f i n i t i o n  of the t e s t  conditions 
t h a t  may affect emissions. As a m i n i m u m ,  there must be information on the fuel 
consumption rate for  t h e  emissions data t o  be  accepted. The fuel consumption 
rate is necessary f o r  the calculation o f  emission factors. For NOx emissions 
data, f ield and tests results that  do n o t  include information on opera t ing  load 
will  be considered unacceptable because they cannot be used t o  estimate emis- 
sions from a typical combustion system nor could they be  used t o  estimate emis- 
sions a t  any specific load. 
load inflomation w i l l  be considered as a useful parameter f o r  data correlation 
b u t  no t  ,331 absolute requirement f a r  data acceptance. 

. 

For other types o f  emission data, the operating 

The four th  cri terion fo r  acceptance o f  emission3 data f o r  further analysis 
i s  an adequate d e f i n i t i o n  of the pollution control device performance. Con- 
trol device performance w i l l  a f fec t  not only total  emissions b u t  w i l l  influence, 
f o r  example, the part ic le  size d i s t r i b u t i o n  and composition of flue gas emis- 
sions.  
i n  estimaiting uncontrolled emissions. 
used and i f  the control device operating efficiency is on ly  90 percent, the 
calculate!d uncontrolled emissions would be 10 times larger than the actual case. 
Since most coal b u r n i n g  u t i l i t y  boilers are equipped w i t h  particulate control 
devices, particulate emissions data from the coal b u r n i n g  uti1 i t y  sector will  
n o t  be considered acceptable unless accompanied by the particulate control de- 
vice performance data. The app l  i c a t i  on o f  particul ate control devi  ces' are 
lower for  the i n d u s t r i a l  , commercial/institutional and residential sectors, 
and a l s o  much lower for the o i l  b u r n i n g  u t i l i t y  sector and nonexistent for the 
gas burniing u t i l i t y  sector. For these combustion source types, emissions d a t a  
wil l  be accepted as uncontrolled emissions data, unless there is information 
implying the contrary. As noted i n  the foregoing discussions, acceptance of 
emissions data a t  this screening step does n o t  suggest that  the data are 
necessarily v a l i d  or reliable. In the second step o f  the d a t a  evaluation pro- 
cess, methods for rejecting ou t ly ing  data points w i l l  be defined. Control led 
emissions data tha t  have been mistakenly assumed t o  b e  uncontrolled emissions 
data due t o  lack o f  information w i l l  b e  i d e n t i f i e d  a s  ou t ly ing  data points and 
be rejected i n  t h i s  second step. 

1;he application o f  design efficiencies must  be approached w i t h  caution 
If  a design efficiency o f  99 percent i s  

* 
In t h i s  context ,  emissions data f o r  trace elements, POM, PCB, and organics 

are considered t o  be more valuable because of  the paucity o f  d a t a -  
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The f i f t h  criterion tha t  will be employed i n  judging the usefulness of 
the emissions data is the avai labi l i ty  of fuel analysis data. 
c ia l ly  true f o r  emi-ssi.ons o f  trace elements, and SOX. 
tent  o f  cm1 can vary by one t o  Wo orders of magnitude and emissions are 
closely related t o  tbe trace element content of the coal. 
are present in appreci-able amounts i n  gaseous hydrocarbons; however, N i  , V and 
Na are present i n  appreciable amounts i n  some fuel oil. 
trace element emissi,on Jeve'ls from a l l  sources w i t h i n .  a given category, the 
fraction of each trace element exitimg the system i n  each effluent stream must 
be  estimated, Thus, t race element emissions data from coal and o i l  combustion 
that  are nic?'t accompanied by analysis data on the trace element content o f  the 
fuel wil l  not  be accepted. 
the sulfur content of t h e  fuel. SOX emissions data from coal and o i l  cornbus- 
t i o n  that do not i n c l u d e  information on the sulfur content o f  the fuel will 
therefore n o t  be accepted. 

This i s  espe- 

No trace elements 

In  order t o  estimate 

The trace element con- 

Similarly, SOX emissions are directly related t o  

The l a s t  cr i ter ion that  w i l l  be applied is an evaluation of  t h e  accuracy 
of the samipling and analysis methods employed. 
from a given s i te  t o  w i t h i n  a factor o f  3 ,  both  the sampling and analysis pro- 
cedures employed mus t  be capable of prov id ing  an accuracy which is  better than 
a factor of 3. The l i s t  of methods available f o r  the sampling and analysis 
of general stream types and chemical classes and species i s  very extensive, 
and has been described i n  detai l  i n  two recent TRW reports (References A - 1  and 
A-2) .  In general, most o f  the sampl i n g  and analysis procedures recommended i n  
these two references are adaptations o f  standard EPA, 'ASTM, API methods, and 
have an accuracy and/or precision o f  -c 10 t o  20 percent o r  better. 
data obtained by these recornmended methods o r  techniques wi l l  be considered 
acceptable. Emissions data obtained by methods o r  techniques not listed i n  
these two references w i l l  be subjected t o  careful review, and rejected if  i t  
is determined that t h e  sampling o r  analysis method employed would no t  be able  
t o  provide emission estimates w i t h i n  an accuracy factor o f  3 o r  better. Special 
emphasis w i  11 be placed on t h e  review o f  sampl i n g  and analysis methods used f o r  
obtaining PCB, POM, particulate sulfate,  and trace elements emissions data. 
In cases where information on t he  sampling and analysis methods employed is 
unavailable, the d a t e  o f  testing w i l l  b e  used as the cri terion f o r  inclusion o r  
rejection of  the emissions data i n  the usable data base. Emissions data ob- 
t a ined  before 1972 w i l l  be generally considered as unacceptable due t o  the 
probable use o f  unreliable sampling o r  analysis procedures. 
date is selected on the basis that  t h e  €PA Method 5 ,  w h i c h  has been more o r  
less recogn-i zed nationally as thg standard method f o r  sampling particulates 
was introduced i n  l a t e  1971. Furthermore, most o f  the more sophisticated sam- 
p l i n g  and analysis techniques f o r  obtaining emissions data, and especially 
those for  measuring pollutants for which data are lacking (such as trace d e -  
ments and particulate su l f a t e ) ,  were n o t  introduced and is  used before 1972. 

In order t o  determine emfssions 

Emissions 

The 1972 cut-off 

STEP 2 

In the second s tep o f  the data evaluation process, emissions data w h i c h  
have been identified as usable i n  t he  screening s tep w i l l  be subjected t o  fur-  
ther engineering and s t a t i s t i c a l  analysis t o  determine the in te rna l  consis- 
tency o f  the test results and the variabil i ty i n  emissions factors. 
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Emissions data included i n  the usab le  d a t a  base w i l l  first be categorized 
accordiiig t o  t h e  5 column GCA combustion system c l a s s i f i c a t i o n  code and the u n i t  
operat ion from which the p o l l u t a n t s  a r e  emitted. 
will be f u r t h e r  ca t egor i zed  according t o  the method o f  NOX control; no cont ro l ,  
s taged f i r i n g ,  low excess a i r ,  reduced load,  o r  flue gas rec i rcu la t ion .  Emis- 
s ions  factors f o r  ind iv idua l  sites, normally expressed i n  the form o f  lb/F4M 
Btu or lb / ton ,  will then be c a l c u l a t e d  f o r  each p o l l u t a n t j u n i t  operat ing pair. 
In the case of trace element  stack emissions from coal and o i l  combustion, 
these emission f a c t o r s  will be ca l cu la t ed  i n  the form o f  the f r a c t i o n  o f  each 
trace element emitted t o  the atmosphere- 

For NOx, the emissions d a h  

Yhel emission f a c t o r s  c a l c u l a t e d  f o r  each p o l l u t a n t / u n i t  operat ion pair will 
A17 the da ta  be evaluated i n  terms o f  consis tency o f  tes t  results among sites. 

poin ts  tha t  l ie  o u t s i d e  the upper and lower limits o f  reasonable data will be 
sub jeeted t o  detailed s c r u t i n y ,  and discarded unless there is addi t ional  i n -  
formation t o  r e c l a s s i f y  the data i n t o  the c o r r e c t  category. 
whether an o u t l i e r  is  a reasonable  result o r  whether i t  may be discarded a s  
being an improbable member o f  the group w i l l  be based on the method of Dixon. 
The method o f  Oixon is a s t a t i s t i c a l  technique app l i cab le  t o  the re jec t ion  of 
a s i n g l e  out ly ing  p o i n t  from a small group of  da t a ,  and is described i n  detail 
i n  Attachment A. 

The decision 

The var iab i l i ty  o f  t h e  emis s ion - fac to r s  w i l l  next  be  calculated. The 
v a r i a b i l i t y  is defined as 

Y =  

where 2 is the estimated mean value o f  the emission f a c t o r ,  s(T) is the esti-  
mated s tandard dev ia t ion  o f  t h e  man, and t is a m u l t i p l e  o f  the estimated 
s tandard devia t ion  o f  the mean value s(X). The value o f  t depends on the de- 
gree o f  freedom and t h e  confidence level o f  the in t e rva l  containing the true 
mean p, and i s  given i n  standard s t a t i s t i c s  t e x t s .  For the present program, 
tha t  t vaLlues a t  95 percent confidence level w i l l  be used i n  ca lcu la t ing  the 
var i  abi I i ty of mi s s i  on f a c t o r s  - 

( I )  t o  determine the emission 
f a c t o r s  f o r  each pol 7 u tan t /un i  t opera t i  on pai r and fpr each combusti on source 
category; ( 2 )  t o  discard ou t ly ing  d a t a  poin ts  u s i n g  the method o f  Dixon; and 
( 3 )  t o  c a l c u l a t e  the percent v a r i a b i l i t y  of the emission f ac to r s .  The values 
ca lcu la ted  i n  this step w i l l  be  used i n  S t e p  3. 

The main t h r u s t s  i n  t h i s  second step are: 

STEP 3 

The f ina l  step i n  t h e  d a t a  eva lua t ion  p rocess  involves a method developed 
by the Monsanto Research Corporation (MRC) f o r  the eva lua t ion  o f  data  adequacy. 
T h i s  q u a n t i t a t i v e  method w i l l  i n d i c a t e  where addi t iona l  emissions da ta  a r e  
needed. 
c i a t ed  w i t h  the emission o f  each p o l l u t a n t  and t h e  q u a l i t y  o f  the ex i s t ing  
emi ss ions data-  

The method i s  based on both the poten t ia l  environmental risks asso- 
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me potential environmental risks associated w i t h  pollutant emissions am 
determind by the use of source severity factors S. 
mosphere, the source severity S is defined as the r a t i o  of the calculated maxi- 
mum ground level concentrations of the pollutant species t o  the level a t  which 
a potential environmental hazard exists. 
ground level receptors a t  the plume centerline i s  the disperion model used for  
determining the ground level concentration- The Potential environmental hazard 
level is takien t o  be the Threshold L i m i t  Value (TLY) divided by 300 f o r  non- 
criteria pol'lutants and the ambient a i r  quality standard f o r  the criteria 
p o l l u t a n e -  The mean source severity S for  noncriteria po ' l lu tan ts  i s  calculated 
as fo71ows: 

For emissions t o  the at-  

The simple Gaussian Plume equation f o r  
- 

5.5 Q 

(TLY ) h2 
S =  

where Q = emission rate, g/s 
, 

T L V  = threshold l i m i t  value, g/m 3 

h = stack height, m 

For the five criteria pollutants, the equations for calculating mean source 
severity S i s  given i n  the fol lowing table: 

Pol 1 utant Sever: t y  equation 

Particulate S = 7OQh-' 

SO" S = SOQh-' 
A 

Nox S = 315Qt1'~*~ - 
Hydrocarbons S = 162.5Qh-' 
co S = 0.78qh" 

The emission rate is calculated by the fol lowing equation: 

where TC = 
TNP = 

EF = 

GPP = 
YPS = 

Q = -  Tc (EF) (GPP) (YPS) 
TNP 

t o t a l  fuel consumption, tons/year 
total  number o f  plants/sites 
emi ssi on f a c t o r ,  1 b/ton 
453.6 g / l b  
3.1688 x yr/s 
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For discharges t o  the water, the source s e v e r i t y  f a c t o r  S is Calculated 
as follows: 

'D '0 + 'G fifZ 
V-D S =  
K 

where VD = discharge  flow ra te ,  m 3 /s 
C,, = discharge  concentrat ion,  g/m 3 

SG = 1eachabJ.e s o l i d  waste generat ion,  g/sec 

fi = f r a c t i o n  o f  the s o l i d  waste t o  water  

fz = f r a c t i o n  of the mater ia l  i n  the s o l i d  waste 

VR = river f l o w  r a t e ,  m 3 /s 

D = dr inking  water  s tandard,  g/m 3 .  

The mean source s e v e r i t y  f a c t o r  S f o r  each po l lu t an t /un i t  operation p a i r  
w i l l  be used i n  the eva lua t ion  o f  data adequacy. The method f o r  evaluat ing 
data adequacy is ou t l ined  below. 

Case I: When Emissions Data Are Avai lable  and Usable 

1, 

2, 

3, 

4: 

5. 

Determine t h e  mean emission f a c t o r  ST and the v a r i a b i l i t y  o f  
the emission f a c t o r  ts (Sr)/ir f o r  each pol 1 utant luni  t operation 
pair .  
process. } 

( T h i s  w i l l  be  done * in  Step 2 of  t h e  data  evaluat ion 

Determine the mean s e v e r i t y  f a c t o r  S f o r  each po l lu t an t /un i t  
operat ion pair by using the mean emission f a c t o r  Z. 

I f  the v a r i a b i l i t y  i n  emission f a c t o r  c 70 percent, there  
i s  no need f o r  add i t iona l  data. 

If  the v a r i a b i l i t y  i n  emission f a c t o r  > 70 percent and 
S > 0.05, the c u r r e n t  da ta  base is judged t o  be inadequate 
and there is need f o r  addi t iona l  data. 

If the v a r i a b i l i t y  i n  emission f a c t o r  > 70 percent and 
S 0.1,  determine t h e  severity f a c t o r  Su by us ing  the 
emTssion f a c t o r  xu: 

- .- x = x + ts(n) 
U 

Su i s  the upper bound f o r  the s e v e r i t y  f a c t o r  S. 
c u r r e n t  d a t a  base is  judged t o  be adequate i f  S, 
and-inadequate  i f  S, > 0.05. 

The 
0.05 
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Case 2: When Emissions Data Are Not Available 

1. Determine, i f  possible, from fuel analysis, mass balance 
and physi co-chemi cal considerations the upper bound Xu 
of the emission factor 2. 
f o r  example, Tu can be determined by assuming that  a l l  the 
trace elements present i n  the fuel are emitted through the 
stack. 

For trace element stack emissions, 

2. Determine the upper bound SU of the severity factor S fo r  
each pollutant/uni t operation pair by using the emission 
factor Xu. 
The current data base is  judged t o  be  adequate i f  Su < 0.05 
and inadequate i f  Su > 3.05. 

3. - 

As discussed i n  a recent Monsanto report (Reference A-3), an allowable un- 
certainty i n  emission factor o f  2 70 percent (factor o f  3)  would lead t o  an 
uncertainty of less than 10 in Scale, which has been defined as the acceptable 
uncertainty factor for  S. 

P.s a result n f  the aonlication nf the  shave d a t a  e v a l u a t i n n  c r i t e r i a ,  
Dol 1 utant/uni t aperation pairs t h a t  have h e n  inadequately characterized w i 7  1 
be i d e n t i f i e d  t o  permit the p l a n n i n g  o f  f ie ld t es t s  for  a c q u i s i t i o n  o f  add i -  
t iona7 emissions data. 
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AlTACHMENT A 

METHOD OF DIXON FOR DISCARDING 
OUTLYING DATA* 

Time inethod o f  Dixon p r o v i d e s  a test fo r  ex t reme va lues  us ing  range. I f  
t h e  o b s e r v a t i o n s  i n  the sample a r e  ranked,  the i n d i v i d u a l  va lues  can be iden- 
t i f i ed  xi, x2, xg, . . ., Xn-1, Xn. I t  is imaterial  whether the ranking  pro- 
ceeds from h i  gh val  ues t o  7 ow o r  f r o m  low va lues  t o  high. Tine Dixon extreme- 
v a l u e  t e s t  g i v e s  t h e  maximum r a t i o  of d i f f e r e n c e s  between extreme-ranking ob- 
s e r v a t i o n s  t o  be  exPected a t  v a r i o u s  p r o b a b i l i t y  l e v e l s  and f o r  different sam- 
ple sizes. Table A-7 g i v e s  t h e  test r a t i o s  and maximum expected values. For 
samples  leiss than about e i g h t  o b s e r v a t i o n s ,  the r a t i o  o f  t h e  difference between 
the extreme and t h e  next-to-extreme v a l u e  t o  t h e  t o t a l  range i s  compared w i t h  
the t a b u l a t e d  v a l u e s  f o r  the same sample size. If t h e  observed r a t i o  exceeds 
t h e  t a b u l a t e d  maximum expected r a t i o ,  the extreme va lue  may be rejected w i t h  
t h e  risk o f  e r r o r  set  by t h e  p r o b a b i l i t y  l e v e l .  For samples b e b e e n  about  
9 and 14, test the r a t i o  o f  the d i f f e r e n c e  between the first and t h i r d  ranking  
o b s e r v a t i o n s  t o  the d i f f e r e n c e  between the first and next t o  last .  
o f  15 OP more, use the r a t i o  o f  the d i f f e r e n c e  between the f irst  and t h i r d  
r ank ing  o b s e w a t i a n s  t o  t h e  d i f f e r e n c e  b e w e e n  t h e  f i  rs t -and the second-from 
1 as t o b s e r v a t i  on. 

For samples 

In  t h e  e v a l u a t i o n  o f  t h e  emis s ions  data,  the 0.05 p r o b a b i l i t y  l e v e l  will  
be used as t h e  basis  f o r  d i s c a r d i n g  o u t l y i n g , d a t a .  

1 

* 
Y o l k ,  W. Applied S ta t i s t ics  f o r  Engineers -  New York McGraw-Hill, Inc. 

2nd ed. p. 387-388. 1969. 
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TABLE A-7. rlAXIMUM RATIO 0.F EXTREME RANKING OBSERVATIONS 

Maximum ratio 
Recommended Rank Sample 

sample size  r a t io  n 
for d i  fference si ze, Probabi 7 i t y  1 eve1 

0.10 0.05 0.01 

3 x2 - x1 n < 8  
x t l  - x1 4 

5 
6 

7 
x3 - x1 a 

'n-1 - 'I 9 
8 < n < 1 5  

10 
11 
12 
13 
14 

x3 - 15 
n- 2 - x1 16 X n 7 15 

17 
16 
19 
20 

0.886 
0.679 
0.557 
0.482 
3.434 
0.650 
0.594 
0.551 
0.517 
0.490 
0.467 
0.448 

0.472 
0.454 
0.438 
0.424 
0.412 
0.401 

0.941 0.988 
0.765 0.889 
0.642- 0.780 
0.560 0.698 
0.507 0.637 
0.710 0.829 
0.657 0.776 
0.612 0.726 
0.576 0.679 
0.546 0.642 
0.521 0.615 
0.501 0.593 
0.525 0.616 
0.507 0.595 

0.490 0.577 
0.475 0.561 
0.462 0.547 
0.450 0.535 
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APPENDIX B 
PLWE RISES FOR INTERNAL cmmunror: SOURCES 

Thie source severity fac tor ,  as  used i n  the current s tudy,  i s  the r a t i o  
of the calculated maximum ground level concentration o f  the pollutant species 
f o r  an isolated typical source t o  the level a t  which a potential environmental 
hazard exists (Reference 8-1). I n  general, the potential environmental hazard 
level i s  taken t o  be the Threshold L i m i t  Value (TLY) divided by 300 f o r  non- 
c r i te r ia  p o l l u t a n t s  and the primary ambient a i r  quality standard for the 
c r i te r ia  pol 1 utants. 

In the calculation of maximum ground level concentrations a s  proposed i n  
Reference 6-1, physical stack heights are  always used and plume rises have not  
been taken i n t o  account. 
culatiori o f  severity factors for internal combustion sources, which are typically 
characterized by shor t  stacks (6  m ) ,  and  h i g h  exhaust gas temperatures and 
velocities. T h e  effective emission height f o r  internal combustion sources 
could b e  2 t o  30 times the physical stack height. 
ambient concentrations and  source severity factors calculated us ing  physical 
stack heights could lead t:, values overestimated by a factor o f  4 t o  900. 

T h i s  appears t o  present a special problem i n  the cal- 

The overall result i s  t h a t  

To correct f o r  t h i s  deficiency, i t  was proposed t o  use Holland's formula 
t o  estimate plume r i s e  from internal combustion sources (Reference 8-2) : 

S Ah = - Vsd (1 .5  + 2.68 x lGS3p U 

where A h  = plume r i s e ,  m 
Vs = stack gas exi t  velocity, m/sec 
d = i n s i d e  diameter o f  study, m 

U = w i n d  speed a t  source height, m/sec 
p = atmospheric pressure, mb 
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,T, = stack gas temperature, O K  

Ta := a i r  temperature, OK. 

Estimated plume rises f o r  internal combustion sources, using f ie ld  data 
acquired during this program and Holland's formula, are'given i n  Table e-1. 
W i t h  a n  average physical stack h e i g h t  o f  6.1 m (20 ft) ,  the average effective 
emission heiight should, therefore, be 159 m f o r  e lec t r ic i ty  generation gas 

turbines anc! 16.9 m f o r  e l ec t r i c i ty  generation reciprocating engines. 

Average! plume r ises  fo r  industrial gas t u r b i n e s  could be estimated from 
the f ie ld  data f o r  e l ec t r i c i ty  generation qas turbines. 
i n  the calculation included: 

The assumptions used 

1 )  

2)  

exhaust gases from industrial and e lec t r ic i ty  generation gas 
turbines have simi 1 a r  temperatures and ex i t  vel oci ti  es ; 

exhaust stacks for i n d u s t r i a l  and e lec t r ic i ty  generation gas 
turbines are sized such that  the cross sectional areas o f  
stacks are proportional t o  their  ra ted  capacities. 

U t i l i z i n g  this approach, the average plume r i s e  and the average effective 
emission height for  industrial  gas turbines were estimated t o  be 77.9 m and 
24.0 m, respectively. 

For Peciprocating engines, the average sizes f o r  the e lec t r ic i ty  gener- 
a t i o n  and industrial  sectors a re  similar. The average effective emission 
height f o r  i n d u s t r i a l  reciprocating engines could, therefore, be assumed t o  
be 16 .9  m, the same a s  t ha t  estimated f o r  e lec t r ic i ty  generation reciprocating 
engines . 

I 
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TABLE B-1. ESTTMATED PLUME RISES FOR 
I NT E PJI A L COMBUST I 0 M S 0 U RC ES 

Corn bu!; ti on site Stack Exhaust Gas Exhaust Gas Plume 
Source Type No. Diameter Temperature Velocity Rise 

(m 1 (OK) (m/sec) (m) 

Gas Fueled 
Gas Turbine #110 2.74 

Disti l late Oil f l l l  2.74 
Fueled Gas #112 ND* 
Turbine 8306 4.1 0 

#307 4.10 
#308 3.61 

Average Plume Rise for  Gas Turbine 

732 37.8 

753 37.8 
71 a ND* 
527 24.7 
649 27.9 
689 27.8 

136 

138 

7 43 
191 
158 

153 
- 

Diesel 
Engine 

#309 
831 0 
#37 1 
#312 
#313 

o .a6 
0.84 
0 .84  
0.71 
0.71 

640 23.0 12.2 
631 21.5 10.8 
61 2 34.3 77.0 
537 . ’  20.6 7 .7  
552 17.0 6.4 

Average P1 urne Rise for Reci procati ng Engines 10.8 

* 
ND - INot Determined. 
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APPENDIX C 

DATA REDUCTION PROCEDURE 

Stack missions data reported from’fie’ld measurements o r  1 aboratory 
analyses are often expressed i n  terms of  volume concentration (ppmv) o r  mass 

factor form, the fo11 owing data reduction procedure, adopted from Reference 
B - 7 ,  i s  used. 

concentration (mg/m3, ug/m 3 ). To convert these emissions data t o  the emission 

The number of  gin moles of f lue  gas per gm of fuel can be computed using 

t h e  fuel ccimposi t i o n  analysis and effluent O2 concentration: 

4.762 (nc + nss) f .9405 nH - 3.762n0 ’ F  - - - 
I - 4.762 (02/700) 7 - 4.762 (O2/10O) ‘FG - 

where: nFG = gm moles o f  dry effluent/gm o f  fuel under 
actual operating condi ti ons . 

n = gm moles o f  element j i n  fuel per gm o f  fuel. 
j 

O2 
F 

= volumetric O2 concentration i n  percent. 

= gm moles o f  dry effluent/gm o f  fuel under 
staichiometri c combustion. 

The average values o f  F f o r  natural  gas and various liquid fuels are given 
i n  Table €3-1. 
because o f  the v a r i a t i o n  i n  the elemental cornposition.of different coals. 

t h e  emission factor expressed as ng/J  can be computed u s i n g  the f o l l o w i n g  
equation: 

The value o f  F for coal must be computed on an individual basis 

For emission species measured on a volumetric concentration basis (ppmv),  
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7 000 

1 - 4.762 (02/700) 

Volumetric 
Emission (Concentration , X { Factor ) (ng'J) = 

where s = subject emission species 
! 

c 

Ms = molecular weight o f  species s 
3 

For emission species measured on a mass concentration basis (mg/m o r  
pg/m 3 ) a t  20°C, the.emission factor expressed as ng/J, can be computed using 

the following equation: 

The higher heating values of natura7 gas and various l i q u i d  fuels are also 
given in Tab1 e B-1 . 

I t  should be noted t h a t  t h e  data reduction procedure described here signi- 
ficantly minimizes errors introduced i n  data reduction by el iminating terms 
which are subject t o  large measurement errors, such as  stack velocity and tempe- 
rature measurements, The only stack parameter needed i n  d a t a  reduction i s  the 
volumetric O2 concentration, which usually can be determined by gas chromato- 
graphy w i t h  great accuracy. 

Exampl e C a  1 cu 1 a t  i on -- 
The NO, emission from a gas fueled gas turbine i s  reported t o  be 200 ppmv 

a t -  an O2 e!ff ' luent concentration of 15%. Calculate the emission factor for NO, 

{as NO2) i n  kg/GJ. 

Emission factor f o r  NOx (as NO2) 

200 x 0.57215 x 46.0 1000 

1 - 4.762 x 0.15 
- X i ng/ J - -  

5337 0 

= 309 ngfJ 
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TABLE C-1- ELEMENTAL COMPOS TTION AND 
/ HIGHER HEATING VALUE OF FUELS* 

No. 2 

Fuel  Natura7 Distillate Kerosene Resid 
Gas O i  1 Oi 7 - 

0.06994 0.06994 0.071 60 

0 0 . 0003 7 

0.1 3889 0.15873 0.7 091 3 0.23116 

0 . 00040 0.001 125 - 0  0.001 25 

F 0.51215 0,45983 0.48234 0.44037 

0.06221 
"C 

nS 

n H  

0 0 . 00006 

53,370 kJ/kg 45,040 kJ/kg 47,710 kJ/kg 43,760 kJ/kg 
Heating 

Value 

+ 
The composi t ion and heat ing value da ta  a r e  obtained from Reference C-2. 
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TABLE D-16. LEVEL I1  ORGANIC ANALYSIS RESULTS - 
COMPOUNDS FOUND IN SAMPLE 309-2-XRPF-MRPR 

Compo u n d Amount (pg/m3) Scan No. 

5 
45 Xyl ene 14 ’ 
50 Xyl ene 56 ’ 
65 Xyl ene 30 ’ 

54 69 C3 Cycl o hexane 

n-Cg Hydrocarbon 38 78 

i Toluene * 

(Nonane) 

Eienxal dehyde 48 111 
C3 Benzene 24 118 

. C3 Benzene 110 127 
136 
154 

C Benzene (3 
Branched 

“lo (Hydro ca r Son ) 

- C3 Elenzene 

‘:lo (Hydrocarbon) 
n--Cl0 Hydrocarbon 

(Decane) 
Clf Benzene 
Methyl Styrene 
C,,l Branched 

(Hydrocarbon) 
Branched 

i ‘1’ (Hydrocarbon) 
C5; Cyclohexane 

Unsaturated 

CJ Benzene 
C3, Benzene 
C4 Benzene 

100 
46 

320 
78 

220 

.86 
20 
16 

34 

12 
96 

100 
140 ’ 

169 
179 

199 

209 
226 
233 

240 

247 
267 
274 
282 

- Continued - - 
* 

Equal t o  o r  l e s s  t h a n  amount found i n  blank. 
Corrected f o r  blank concentration, amount actual 7y present i n  
saimpl e r a t h e r  quest ionable  due t o  blank 1 eve1 var ia t ions .  

2 07 
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TABLE D-16. (Contf nued) 

Compound AJnount (vs/m3) Scan No. - 

C4 Benzene 
C4 Benzene 
C4 Benzene 
Methyl Benzoate 
CI1 Braniched 
. (Hydrocarbon) 
C4 Benzene 

Hyldrclca rbon 
n'c'l (Uindecane 
C4 Unsa t i ira ted 

(Benzene) 

18 t 
310't 
100 ' 
* 

110 

260 

780 

\ 

C5 Benzene 
C3 Benzene 
Cs Benzene 
Cj Benzenle 
C Benzene 
C5 Benzene 
C+ Benzene 
Naphtha1 eine 
C5 BenreRe 

Bran cli e d 
cl' (Hydrocarbon) 

I3 ra ncti e d 
(Hydrocarbon) 
B r a nch ed 
(Hydro~carbon} 

5 

..- 

C5 Benzene 
CI2 Unsaturated 

Hydrocarbon 

86 

110 
30 
410 
100 
20 
52 
8 

170 ' 
84 
54 

280 

140 

- 84 
240 

296 
322 
341 
344 
346 

394 

440 

480 

492 
147 
522 
542 
554 
570 

1 

584 
596 
610 
623 

639 

'657 

682 

71 1 

- Contfnued  - - 
* 

Equal t o  o r  less than amount found i n  blank. 

sample r a t h e r  ques t ionable  due t o  blank level v a r i a t i o n s .  
' Corrected f o r  blank concent ra t ion ,  amount a c t u a l l y  present in 

208 



TABLE D-16 .) (Cont inued)  
\ 

Compound Amount (vg/m3) Scan No. 

h-C,z H d r o c a t b o n  
. ’ b o d e c a n e )  

780 752 

Methyl Te t r a h y d r o n a p  h t h a l  e n e  42 763 
Cl3 Branched 
- (Hydrocarbon)  
C13 U n s a t u r a t e d  

Hydrocarbon 
CI3 Blriinched 

Hydrocarbon 
Cs Benzene 
C6 Benzene 
C Benzene 
CI3 Branched 

Hydrocarbon 

Methyl Naphthal e n e  
CI3 Branched 

Hydro ca rbon  
C13 Branched 

Hydrocarbon 
Methiyl Naphthal e n e  
Unkniowri S u b s t i t u t e d  

Cyclohexane 
ilnkniowii 

6 

CI3 Un.# ~ a -a tu ra t ed  
Hydro c a r b o n  

Hydrocarbon 
( T r i d e c a n e )  

CI4 Branched 

C3 T’et rahydronaphtha l  e n e  
Hydrocarbon 

C14 Branched 
Hydro ca rbon  - 

160 

62 

62 

8 
56 
32 
46 

300 
130 

36 

160 
10 

14 
140 

1000 

12 

28 
68 

789 

798 

807 

817 
825 
852 
891 

906 
918 

932 

939 
957 

964 
973 

1007 

1024 

1030 
1041 

- Contfnued - 

209 



TABLE D-16. (Continued) 

Compound A r m l n t  ( l q / m 3 )  Scan No. 

Unknown 
Unknown 
C3 Tetralhydronaphthal ene 
Unknown !Substituted 

Cyclohexane 
Chl oronaphthal ene 
Biphenyl 
CI4 Branched 

Hydrocarbon 
C14 Unsaturated 

Hydrocarbon 
C2 Naphthal ene 
C14 Branched 

CI4 Branched 

C2 Naphthal ene 
CI4 Branched 

C2, Naphtha1 ene 

Hydro ca I- bo n 

Hydrocarbon 

Hyd riocar bo n 

Cg Naphtha1 ene 
n-C14 Hydrocarbon 

(Tetradecane) 
Unknown aroma t i c  
C2 Naphthal ene 
Unknown Acid Ester 
C15 Branched 

Hydro car ]Son 
C2 Naphtha,! ene 
Unknown Arome ti c 

2 
14 
20 

. 82 

Internal Standard 
Trace 

74 

18. 

10 
36 

130 

290 
120 

24 

130 
980 

100 
20 
32 
40 

32 
32 

1047 
-1052 
1064 
1075 

- Continued - 

1083 
1092 
1113 

1120 

1126 
1130 

1142 

1156 
1171 

1181 
1186 
1221 

E29 
1249 
1260 
1275 

1291 
1300 

27 0 



r 

TABLE D-16. (Con t inued)  
I 

I Compound Amount (ug/m3) Scan No. 

‘15 

5 5  

Branched 

Branched 

Branched 

&d roca rbon  

Hydrocarbon 

h y d r o c a r  bo n 

180 

84 

310 

120 
40 
52 
11 0 

C3 Naphtha1 ene .- 

Cg Nlaphthal e n e  
CJ Naphtha1 e n e  
C3 Naphthal  e n e  

1 

w C ~ ! ~  Hydrocarbon 
( P e n t a d e c a n e  ) 

. loo0 

C3 Naphthal e n e  38 
C3 Naphtha1 e n e  130 
C3 Naiphthal e n e  140 
CI6 Ulnsa tura ted  Hydrocarbon 68 

C16 U n s a t u r a t e d  Hydrocarbon 40 
c16 U n s a t u r a t e d  Hydrocarbon 70 
C4 Naphthal e n e  82 
C16 Branched Hydrocarbon 96 

C4 Naphthal  e n e  120 

C4 Napbthal  e n e  
C4 Naphthal  e n e  
n-CI6 Hydrocarbon 

( Wexadecane) 

40 
110 
990 

CI7 Ursa t u r a  t e d  Hydrocarbon 90 
78 C4 Naphtha l  e n e  

n-CI7 P a n c h e d  Hydrocarbon 58 
Methoxybi phenyl  48 

32 C4 Naphtha 1 ene 

1318 

1334 

1347 

1357 
1363 
1379 
1394 
1420 

1432 
1439 
1467 
1483 
1502 
1513 
1525 
1534 
1545 
1571 
1586 
1604 

1615 
1630 
1645 
1663 
1682 

- Contlnued - 
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TABLE D-7 6:  (Continued) 

Compound Amount (Fls/m3) Scan No. 
1 .  

I 

CI7 Branched 
CI7 Branched 
C17 Branc:hgd 
CI7 Branched 

bdrocarbon 
hydro carbon 
Wdrocarbon 
&d ro ca rbon 

C5 Naphthalene 
C5 Naphth{aJene. 
C5 Naphtha 7 ene 
n-C17 Hydrocarbon 

(Heptadecane) 
CI8 Branchd 
Cg Biphenyl 
Phenanthrene 
Unknown 

Wdroca rbon 

(or Isomer) 

* C Naphthalerne 5 
Unknown Substituted 

Cyclohexane 
CI8 Brancbed Hydrocarbon 

Branched Hydrocarbon ‘18 
CI8 Branched Hydrocarbon 
Ethy7 fluorene ( o r  Isomer) 
n- CI8 Hydro ca !-bo n 

(Qctadecane) 
CI9 Unsaturated 

Methyl phenanthrene ( o r  Isomer) 
C Branched bbdrocarbon 
~ I - C ~ ~  Hydrocarbon 

Wdro clarbo n 

19 

(Nonadecane) 
Branched Hydrocarbon ‘20 

190 
26 
62 
100 
34 
20 
52 

820 

400 
16 
94 

r 

. .  

16 
14 
-76 

46 
48 

56. 
24 
650 

170 

86 
66 

490 

42 

1695 
1709 
1720 
1735 
1749 
1763 
1778 
1806 

1822 
1837 
1852 

. 1867 
1881 
1901 

1911 
1930 
1945 
1955 
2007 

2028 

,2088 
2123 
2192 

2263 

- Cont inued  - 

21 2 



TABLE D-16. (Contf nued) -- -- 
Compound Ainount (vg/m3) Scan No. 

Pyrene (or Isomer) 
ff drocarbon "'c;!o (E i cosane) 

n-C21 Hyd roc arb0 n 
(Henei cosane) 

n-CZz2 Hydrocarbon 
(Dacosane 1 

Dioctylphthal ate  

Trace 
310 

130 

76 

2301 
2360 

2524 

2677 

3080 

21 3 



TABLE D-17. LEVEL I1 ORGANIC ANALYSIS RESULTS - 
COMPOUNDS FOUND IN SAMPLE 8309-2-CD-LE J 

Compound Amount (,g/m3) Scan No. 

Benzene 
"4, Hydirocarbon (Heptane) 
Methyl Cyclohexane 
Toluene . 

Unknown Unsat- Hydrocarbon 
Si 1 i cone 
Naphtha7cne 
Si  7 i cone 
'0C72 Hyarocar~on (Doaecane) 
Methyl Naphthalene 
Methyl Naphtha1 ene 
"-C73 Hydlrocarbon (Tri  decane) 
Ch 1 oronaphthal ene 
S i  7 i cone 
n-CI4 Hydrocarbon (Tetradecane) 
"C75 Hydrocarbon (Pentadecane) 
Dichl oronaphthalene 
Trimethylnaphthalene - 
Si 1 i cone 

' Z c 7  6 Hydi-ocarbon (Hexadecane) 
C7 Branched Hydrocarbon 
n-C7 Hydrocarbon (Heptadecane) 
c78 Branched Hydrocarbon 
Si  1 iconc 

* 
7 

0 -5  
7 

0 .5 
3 

0 -2  - 
0 .2 
0 .2 
0 .6 

Internal Standard 
15 
2 
2 

IS. Impurity 
1 

38 
3 
7 

76 
2 
2 

20 
32 

- 4 4  
68 

395 
57 7 

894 
944 

7 078 
7775 
7 778 
1278 
7307 
7418 
1628 
1649 
1656 
1683 
1818 

= 7917 
7 994 
201 2 
2090 

a41 

- Continued - 

Equal to olr less than amount found i n  blank. 

21 4 
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TABLE 0-1 7. ( Continued) 

Corn poun d Amount (pg/m3) Scan No. 

n-C18 Hydrocarbon (Octadecane) 4 21 58 
C19 Branched Hydrocarbon 1 21 79 
Si1 icone 10 ' 2261 
n-Cl Hydrocarbon (Nonadecane) 2 231 4 

- Dibutyl phthal a t e  1 2337 

Si 'I i cone 6 2507 

n-C,O c Hydrocarbon (Eicosane) 1 2465 
Si'l icone 5 2486 

n-C27 Hydrocarbon (Henei cosane} 0.5 261 0 

Silicone .6 2727 

S i  I i cone 5 2935 
Silicone 6 31 32 

Diclctyl phthalate 3 3154 

!Si 1 i cone 71 3321 

!Si1 icone 9 3400 

!Si 7 i cone . 19 344s 

21 5 



TABLE D-78. LEVEL 11 ORGANIC ANALYSIS RESULTS - 
COMPOUNDS FOUND IN SAMPLE f312-2-XRPF-MRPR 

Compound Amount (us/m3) Scan No. 

* 20 Benzene 
* 40 Methyl ~ y c 7  ohexane 
* 64 To 1 uene 

Xylene 24 7 63 

Xy7 ene 26 207 
Cyc 7 o hexane! 26 27 6 

Cg Unsat. Hydrocarbon 24 226 

n-Cg Hydlpocarbon (.Nonane) 66 245 
78 267 C3 Benzene 

Benza 7 dehyde 12 299 
C1o Branched Hydrocarbon 38 306 378 C, Branched Hydrocarbon 

C3 Benzene 80 325 C3 Benmenle 

Cl Branched Hydrocarbon 30 362 

C3 Benzene 120 386 
C70 Unsat. Hydrocarbon 62 392 

60 409 

C4 Benzene 18 420 

Xyl ene 54 1 75 

Cyclohexane 26 205 

4 

42 341 

C3 Benzene 44 357 

Cl Brancfted flydrocarbon 32 374 

5 0 

n-C, Hydrocarbon (Decane) 250 437 

C4 Benzene 22 445 
Dihydroindlene 75 459 

- -  

U n s a t  - Hy d ro carbon 

- Continued - 

_ _  
Equal t o  or less t h a n  amount found in blank.  



TABLE D-18. (Continued) 
P 

a 

Compound - Amount (pg/m’) Scan No. 

1 
c1 1 

c1 1 
c1 7 

1 

Unknown 
C1 Branched Hydrocarbon 
C1 Unsat. Hydrocarbon 
C4 Benzene 
C4 Benzene 
C4 Benzene 
C4 Benzene 
C1 Branched Hydrocarbon 
Methyl Benzoate 

Unsat. Hydrocarbon 
Branched Hydrccarbon 
Branched Hydrocarbon 
Branched Hydrocarbon 
Unsat. Hydrocarbon 

/n-C1 Hydrocarbon (Undecane) 
Decahydronaphthal ene, 2-Methyl 
Cg- Benzene 
Cc Benzene 
Cr Benzene 
C5 Benzene 
Naphtha1 ene 
CI2 Branched Hydrocarbon 
C12 Branched Hydrocarbon 
C12 Branched Hydrocarbon 

Branched Hydrocarbon 

.> 
nb 

-1 

i 

c1 2 

72 467 
72. 484 
18 49s 
48 506 
62 51 5 
28 t 521 
25 t 534 
12 * 542 
* 547 

80 557 
110 560 
160 570 
80 581 

160 61 6 
570 647 
44 671 
38 681 
180 702 

14 71 6 
22 734 
58 * 752 
86 761 
34 769 

7 62 781 
64 792 

- Continued - 
* 

Equal t o  o r  less than amount found i n  b l a n k .  

in sample r a t h e r  quest ionable  due t o  blank l eve l  va r i a t ions .  
’ Corrected f o r  blank concentrat ion.  Amount a c t u a l l y  present 

21 7 



TABLE D-18. (Con t inued)  - 
Compound + Amount (pg/m3) Scan No. 

C5 Benzene 36 
C5 Benzene 710 

. n-C1 Hlydrocarbon (.Dodecane) 400 
C$ Benzene 70 
c6 Benzene 
C1 Branched Hydrocarbon 
Methyl 'Te t rahydronaphtha  l e n e  
C7 Branched Hydrocarbon 
Methyl naphtha  7 e n e  
Methyl na,phthal  e n e  
n - 5  Hydrocarbon ( T r i  d e c a n e )  

- 

12 
7 74 
96 
62 

330 
240 
470 

Chlo ronaph tha lene  
C2 Unsat.  Naph tha lene  

- 

I n t e r n a l  S t a n d a r d  , 

20 ' 

5 Naphthal e n e  
C2 Naph tha lene  
C2 Naphtlhalene 
C2 Naphtha l e n e  
n-C74 Hydrocarbon ( T e t r a d e c a n e )  
C2 Naphthal  e n e  
C2 Naphthal ene 
C3 h a t .  Naph tha lene  
C15 Unsat.. Hydrocarbon - 
.WI5 Hydrocarbon ( P e n t a d e c a n e )  
C3 Naph tha lene  
C3 Naph tha jene  
C7 6 Brancihed Hydrocarbon 
C3 Naphtha1 e n e  

22 
130 
82 

350 
440 
140 
54 
78 

170 
490 

44 
72 
60 
72 

81 0 
837 
859 
870 
881 
888 
939 
970 
989 

7075 
7 071 
7152 
7 758 

1790 
7279 
1227 
7 247 
1274 
1279 
7 305 
7 366 
1392 
1459 
7 484 
1544 
1560 
7 575 

- Contfnued - 

27 8 
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TABLE D-18. (Continued) -- - 
Compound mount  (pg/m3) Scan No. - 

C1 6 Branch%d Hydrocarbon 
n -Cl Hydrocarbon (Mexadecane) 
C1 Branched Hydrocarbon 
C17 Branched Hydrocarbon 
n-C1 Hydrocarbon (Heptadecane) 
Cla Unsat. Hydrocarbon 
Phenanthrene ( o r  isomer) 
Phenanthrene ( o r  isomer) 
"'c18 Hydrcjcarbon (Octadecane) 
ClY Branched Hydrocarbon 
Methyl phenanthrene ( o r  isomer) 
n-Cl Hydrocarbon (Nonadecane) 
n-Czo Hydrocarbon (Eicosane) 
n-CZ1 Hydrocarbon (Henei cosane) 
IDiactyl phthal a t e  

7 20 
350' ' 

48 
190 
260 
200 
28 
10 

220 
. 100- 

22 
200 
100 
66 
42 t 

1619 
1634 
1663 
1723 
7 809 
1825 
1862 
1867 
1973 
1993 
2062 
21 35 
2288 
2435 
2948 

21 9 



TABLE D-19. LEVEL I1 ORGANIC ANALYSIS RESULTS = 

COMPOUNDS FOUND IN SAMPLE 31 2-2-CD-LE 

Conipoarnd Amount (pg/m3) Scan No. - 
Benzene 
Methyl Cyd ohexane 
To7 uene 

Ch7 oronaphrthal ene 
n-C14 Hydro ca rbon 

(Tetradecane) 

* 
* 
* 

Internal Standard 
1 

n-C Hydrocarbon 

n-C16 Hydrocarbon 
(Hexadecane) 

C17 Branched Hydrocarbon 

n-C1, Hydrocarbon 
(Heptadecane) 

C18 Branched &drocarbon 
n-CI8 Hydrocarbon 

(Octadeeane) 

l5 (Pentadecane) 
2 

4 

1 

6 

2 
'6 

2 
4 

CI9 Branched Hydrocarbon 
n-C 19 Hy d r o (:arb o n 

(Nonadecane) 

23 
42 
sa 
111 

1247 

1451 

1636 

1731 

1811 

1828 
1977 

1997 
21 33 

2 2288 n-Czo Hyd rocx rbo  n 
(Eicosane) 

n-CZ1 Hydrocarbon 2 2438 (Henei cosane) 

"-CZ2 Hydrocarbon Trace 2582 (Docosane) 

Dioctylphthal a te  6 2983 \ 

* 
Equal t o  o r  less than amount found i n  b l a n k .  

3 Trace - Detected but too  low t o  quantitate (0.05 - 1 .O vg/m ) . 

220 



TABLE D-20- LEVEL I1 ORGANIC ANALYSIS RESULTS - 
COMPOUNDS FOUND IN SAMPLE #313-2-XRPF-MRPR - - 

Compound Amount (ug/m3) Scan No. - 4 

Benzene * .  
llethylcyclohexane 
To1 uene 
Ci9 Unsat. flydrocarbon 
C2 Benzene 
C i  Benzene 
Cg Branched Hydrocarbon 
Cz Benzene 
C3 Cyclohexane 
Cg Ulnsa t. Hydrocarbon 
n-C9 .flydrocar%on (Nonane) 
C3 Benzene 
CdL Cyct ohexane 
C, Brancbed Hydrocarbon 
Cl0 Branched Hydrocarbon 
C3 Benzene 
C3 Benzefie 
CIID Lhsat. Hydrocarbon 
C3 -Benzene 
C, Unsat. Hydrocarbon 
C3 Benzene 
n-C7 Hydrocarbon {Decane) 
C3 Benzene 
C4 Benzene 
el Brancbed Hydrocarbon 
C17 h a t .  Hydrocarbon 

* 
* 

16 
30 

170 
72 
56 
62 
64 

170 
38 ' 

48 
240 
200 

76 
66 
44 

320 
i s0  
34 
250 

30 
40 

140 
40 

23 
43 
69 

100 
172 
784 
7 98 
275 
224 
234 
253 
277 
294 
37 5 
339 
351 
370 
307 
399 
423 
435 
450 
454 
45% 
499 
51 0 

- C o n t i n u e d  - - 
* 

Equal t o  or less than amount found i n  blank. 
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TABLE D-20 . (Continued) 

Compound haunt (ps/m3) Scan No. 
522 

C4 Benzene 78 
C4 Benzene 

C4 Benzene 40 
C4 Benzene 
Methyl benzoate 
C4 Benzene 
C4 Benzene 
C7 Unset. Hydrocarbon 

Cll Brarichled Hydrocarbon 120 601 

C1 U n s a L  Hydrocarbon 630 638 
"=CTl Hydrocarbon [Undecane) 950 668 
C12 Braniched Hydrocarbon 7 40 704 

C5 Benzene 42 736 
C5 Benzene 68 766 Naphtha1 cine 

Ci Indene 7 50 803 66 87 4 C2 Indene 

n-C12 Hydrocarbon (Dodecane) 680 . 88 1 
CI3 Unsat. Hydrocarbon 200 97 0 

'1 3 Branched Hydrocarbon 66 925 
80 940 Unknown Sirbsti t u t e d  Cyc7 ohexane 

128, 537 
538 

34+ 552 
* 556 
IO+ 559 

190 578 
290 sa9 

C5 Benzene 22 72s 

C12 Unsat:. Hydrocarbon 66 793 

'7 2 Unsat. tlydrocarbon 340 853 

Tetrahydmtmethyl Naphthalene ' 150 955 
-c73 Branched Hydrocarbon 720 997 

220 + 778 

- Continued - 
* 

Equal t o  oir 'less than amount found i n  b lank .  

i n  sample r a t h e r  ques t ionab le  d u e ' t o  b lank  level v a r i a t i o n s .  
' Corrected for- b l ank  concent ra t ion ,  Amount actual ' ly  present 

222 



TABLE D-20. (Continued 1 - - 
Compound Amount (ug/m 3 ) Scan No. - 

S i  p heny 7 
Branched Hydrocarbon ‘1 4 

C2 N a p h t h a l e n e  
CI4 Branched Hydrocarbon 

C2 N a p h t h a l e n e  
CI4 Branched  Hydrocarbon 
C., Naphtha7ene  
“c14 Hydrocarbon ( T e t r a d e c a n e )  
C, Naphtha1 e n e  
Unknown 
C2 N a p h t h a l e n e  
C15 1 Branched Hydrocarbon 
C, Branched  Hydrocarbon 
Methyl B ipheny l  
Methyl B ipheny l  
CI5 Branched  Hydrocarbon 
C3 N a p h t h a l e n e  
C3 Naphtha 1 e n e  
“-C1 Hyerocarbon ( P e n t a d e c a n e )  

6. 

Methyl n a p h t h a 1  en; ‘450 

Uns a t. Hydrocarbon 328 ‘7 3 
M e t h y l n a p h t h a l e n e  740 

Cz T e t r a h y d r o n a p h t h a l e n e  82 
n-C1 Hydrocarbon ( T r i  decane )  81 0 
Ch7 o r o n a p h t h a l  e n e  I n t e r n a l  S t a n d a r d  

CI3 Unsat .  Hydrocarbon 120 

C13 Unsat .  Hydrocarbon 48 

36 
130 
150 
160‘ 
21 0 
150 
560 
840 
20 
76 

7 50 
54 

7 40 

7 20 
30 
350 
180 
7 50 

1000 

101 1 
7 027 
1036 
1042 
1061 
1072 
1 088 
7170 
1774 
1190 
1207 
1216 
7 234 
1246 
1263 
1291 
1298 
1307 
1322 
1353 
7 366 
7 383 
1399 
141 1 
1424 
1468 
7,483 

- Continued - 
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TABLE D-20 . (Continued) 

Compound haunt (ug/m3) Scan No. 

C3 Naphthalene 
C3 Naphthalene 
Cj Naphthalene 
GI 6 Branched Hydrocarbon 

- -  Methyl Biphenyl 
Un k n ohm 

A7 k:y7 Subst. Cyclopentanedione 
n-C., 6 Hydrocarbon (Hexadecane) 
C4 Naph tha l  ene 
c77 Hydrocarbon Branched 

.CI7 Hydrocarbon Branched 
Cl Unsat. fiydrocarbon 
n - 5  Hydrocarbon (Heptadecane) 
c78 IJnsat. Hydrocarbon 
Phenanthrene ( o r  Isomer) 
n-CJEt Hydrocarbon (Octadecane) 
C1 Branched Hydrocarbon 
Methylphenantfirene ( o r  isomer)  

Hjid roc a r b  on ( No n a de ca n e ) n-CJ 9 
Hydrocarbon (Eicosane) 

Pyreme (or isomer) 
"'C27 Hydrocarbon (Henei cosane) 
n-C2* Hydrocarbon (ke f  cosane) 
DioctyIphtha7ate  

n-C20 

7 30 
7 20 
92 

7 40 
7 30 
IO0 
7 60 
690 

- 28 
47 0 

98 
7 00 
540 
500 . 

92 
580 
260 
Trace 
490 
360 
Trace 
270 
170 

1200 t 

7572 
1533 
1577 
1586 
'I 600 
7 630 
1645 
7665 
1 746 
7 758 
7 775 
7821 
7 834 
1855 
1893 
2009 
2028 
2088 
2769 
232 7 
247 0 
2470 
267 6 
307 3 

i 

-- 
' Corrected f o r  blank concent ra t ion .  Amount actua77y present  

i n  sample r a t h e r  ques t ionable  due  t o  blank level v a r i a t i o n s .  
Trace - Detected b u t  too 7ow t o  q u a n t i t a t e  (0.05 - 1 .O ug/m ) . 3 
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TABLE D-21. LEVEL I1 ORGANIC ANALYSIS RESULTS - 
COMPOUNDS FOUND IN SAMPLE 31 3-2-CD-LE 

Compound AIrmnt ( (u!3/m3) Scan No. - 

Benzene * 
Methyl cyclohexane 
To 1 uene 

* 
* 

Chloronaphthal ene Internal Standard 
C 14 Branched Hydrocarbon 
n-C 14 Hydrocarbon 

2 
2 

(Tetradecane) 
n-C Hydrocarbon 

(Pentadecane) 
L C  16 Hydrocarbon 

(Hexadecane) 
C 17 Branched Hydrocarbon 
niC Hydrocarbon 

l7 (Heptadecane) 
n=C. Hydrocarbon 

l8 (Octadecane) 
Dioctyl phthal ate 

2 

2 

2 
1 

2 

22 

27 
45 
92 

1259 
1541 
1582 

1765 

1938 

1957 
2107 

2270 

3188 

- 
Equal t o  or less t h a n  amount found in b l a n k .  
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METRIC CONVERSION FACTORS AND PREFIXES 

CONVERSION FACTORS 

To convert from To Hultiply by 
Degrees eel  :si us ("C) 

Joule (J) Btu 9.478 x loo4 

- 
Degrees Fahrenheit (OF) 

Pound-mass (avoirdupois) 2.205 

t("F'> = 1.8 t ( O C )  + 32 

Ki 1 ogran (kg ) 
Kilojoul'e/kilogram (kJ/kg) 
Megagram (Mg) 
Megawatt (MW) 
Meter (m) 
~ e t e r ~  (m3)  
Meter3 (m3)  
Meter (m ) 

Nanogram/jouIe (ng/J) 
Pi cogram/jsule (pg/J) 

3 3  

Pref ix  

Pets 
Tera 
Gi ga 
Mega 
Ki 'Io 
t f i l l i  
Micro 
Nano 
P i  co 

- Symbol 

P 
T 
G 
M 
k 
m 
tc 

n 
P 

B t u / f  bm 
Ton (2000 l b m )  
Horsepower (HP) 
Foot ( f t )  
BarreI (bbl) 

Gallon (gal )  
7 bm/mil 7 ion Btu 
lbm/miJlion Btu 

~ o o t ~  ( f t 3 )  

PREFIXES 

Mu1 t i p l i c a t i o n  
Factor 

4 loJ5 
1 O J 2  

1 o6 
I o3 
1 o - ~  
1 o-6 
1 o-' 
d2 

10' 

4.299 x 10" 
1 . lo2 

3.281 
6.290 
3.531 x 10' 

2.642 x 10' 
. 2.326 x 

, 2.326 x lom6 

7.341 l o 3  

Example 

1 ~m = i x loJ5 meters 
1 Tm = 1 x 10 12 meters 

9 1 Gm = 1 x 10 meters 
6 7 Mm = -1 x 10 meters 
3 1 km = 'I x 10  meters 

7 m = J x meter 
1 um = 1 x meter 
1 nm = 1 x meter. 
1 pm = 1 x JD-" meter 
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